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ABSTRACT
Elucidating Mechanisms of Biofluorescence and Bioluminescence in Marine Organisms
by
Andrew Guarnaccia

Advisor: Jean Gaffney

Biofluorescence and bioluminescence are two methods of light emission that entail
separate mechanisms of action but end at the same process: a colorful display that have tremendous
ecological and behavioral benefits, whether it be used to communicate with conspecifics,
camouflage into a multicolored background, attract unsuspecting prey, or alert others to a predator.
In biofluorescence, higher-energy, shorter wavelength light is absorbed then re-emitted as lowerenergy, longer-wavelength light. Bioluminescence on the other hand entails a chemical reaction in
which a small molecule is oxidized by an enzyme, creating a high-energy intermediate that sheds
the excess energy in the form of visible light. The research presented here will look at separate
proteins to uncover their molecular interactions that lead to light generation. We combine
transcriptomics, phylogenetics, and biochemical assays to unravel these mysteries. We have
studied fluorescent fatty acid binding proteins to discover which residues are important for eel
fluorescence (Chapter 2), as well as to reveal a new member of the group from the Muraenidae
family (Chapter 3). Additionally, we confirmed that the pyrosome Pyrosoma atlanticum utilizes
an endogenous luciferase that reacts with coelenterazine to luminesce (Chapter 5). Our results
provide better insight into the two separates forms of light emission, provide new tools for
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biomedical research, and overturn old paradigms, all while contextualizing these new proteins in
an evolutionary perspective.
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Chapter 1

Chapter 1. Biofluorescence in Marine Organisms
1.1. Marine Biofluorescence
Biofluorescence occurs when high energy, short-wavelength light is absorbed and reemitted at a lower energy longer wavelength (Sparks et al., 2014). Biofluorescence has been found
to be widespread in the marine environment, occurring in both cartilaginous and bony fishes,
corals, and numerous other marine phyla in a variety of brilliant colors and patterns (Figure 1.1)
(Sparks et al., 2014). Interestingly, fluorescence is seen across a wide variety of ray-finned fish
lineages that are distantly related to one another, indicating that it must have evolved independently
multiple times. The phenotypic disparities in color and patterning, in addition to the number of
molecules identified to produce fluorescence, supports this idea and indicates that it plays a role
in communication with conspecifics (Sparks et al., 2014). A number of these fluorescent fish
lineages can be seen in Figure 1.2.
It is widely documented that the ocean is primarily blue (470 – 480 nm), as other
wavelengths are absorbed with increasing depths (Tyler, 1968). This makes these environments
incredibly monotonous, which would hamper visual ecology. The conditions observed are best for
biofluorescence to evolve, as it captures that blue light (and at some higher depths, UV light) and
allows for unique colorful displays to emerge at depths beyond which other colors/wavelengths
have been absorbed. In comparison, terrestrial fluorescence exists, but is more often observed at
dawn and dusk, when visible light is low and UV light is high (Arnold et al., 2002; Hausmann et
al., 2003; Andrews et al., 2007; Kloock et al., 2010; Gaffin et al., 2012; Kohler et al., 2019; Anich

1

et al., 2020). Oceanic conditions present an ideal environment for the evolution and diversification
of biofluorescence.

Figure 1.1 Evolutionary distribution of fluorescence across ray-finned fish. Red indicates red
fluorescence, green indicates green fluorescence, blue indicates red and green fluorescence.
Adapted from Sparks, et al. 2014 with permission from Dr. John Sparks.
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Figure 1.2 Colorful array of fluorescent fish. (A) Cepthaloscyllium ventriosum. (B) Urobatis
jamaicensis. (C) Soleichthys heterorhinos. (D) Cociella hutchinsi. (E) Synodus dermatogenys.
(F) Antennarius maculatus. (G) Scorpaenopsis diabolus. (H) Kaupichthys brachychirus. (I)
Kaupichthys nuchalis. (J) Corythoichthys haematopterus. (K) Gillellus uranidae. (L) Eviota sp.
(M) Eviota atriventris. (N) Acanthurus coeruleus. (O) Scolopsis bilineata. Adapted from Sparks,
et al. 2014 with permission from Dr. John Sparks.
3

1.2. Biofluorescence in Cnidaria
One of the most well-known examples of biofluorescence is the hydrozoan Aequorea
victoria, which absorbs blue light and emits green light in the photophores of the organism
(Shimomura et al., 1962; Morin and Hastings, 1971; Morise et al., 1974). In 1962, the Green
Fluorescent Protein (GFP) was isolated and characterized by Osamu Shimomura. The discovery
of GFP was a critical discovery, which led to Shimomura sharing the Nobel Prize in Chemistry
with Martin Chalfie and Roger Tsien in 2008 for his role in its discovery (Weiss, 2008). The
discovery GFP was pivotal for biology as it, and many other fluorescent proteins, can be used to
visually track both cellular processes and protein interactions easily (Chalfie et al., 1994; Stearns,
1995; Arun et al., 2005; Shaner et al., 2007). GFP emits light at 509 nm when excited at either 395
nm or 475 nm (Shimomura et al., 1962).
The structure of GFP is a beta barrel which has eleven β strands and one α helix running
down the center of the barrel. Fluorophore formation in GFP involves the cyclization of an internal
tripeptide S65-G66-Y67 (Heim et al., 1994). The structure of GFP (1GFL (Yang et al., 1996)) and
its tripeptide fluorophore can be seen in Figure 1.3. The protein has been studied extensively and
many different color derivatives have been created using point mutations of the wild type GFP
(Heim et al., 1994; Tsien, 2009). Since the discovery of GFP, many other fluorescent proteins have
been discovered, including in various corals (Gruber et al., 2008), crustaceans (Macel et al., 2020),
lancelets (Pletnev et al., 2013), and fish (Sparks et al., 2014).
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Figure 1.3 (A) Structure of GFP (PDB 1GFL (Yang et al., 1996)) with the SYG fluorophore
(green). (B) Close up view of the GFP protein.
Corals, as well as members of the phylum Cnidaria, have been shown to fluoresce in a
variety of colors. Their fluorescence has been well documented since the late 1950’s (CatalaStucki, 1959). A number of fluorescent coral species have been discovered over the decades since
the initial discovery. Two separate studies in 2008 found 28 fluorescent species in one study
(Gruber et al., 2008), and 40 fluorescent species in the other (Alieva et al., 2008). The reason for
why biofluorescence would evolve in non-motile coral was a mystery until 2000, when it was
proposed that it likely evolved for photoprotective purposes: by absorbing higher-energy (and
more harmful) light like UV light, it can be dissipated back out as lower-energy (harmless) light
(Salih et al., 2000). This would allow fluorescence to serve as a mechanism to protect coral from
photobleaching. More recent research suggests that biofluorescence in coral may serve an
additional photosynthetic role. In this case, orange-red light is transmitted to tissue containing
photosynthetic zooxanthellae that utilize these wavelengths of light for photosynthesis (Smith et
al., 2017).
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One of the most widely used red fluorescent proteins from coral is DsRed. DsRed was
originally discovered in the genus Discosoma (Matz et al., 1999). It has an excitation maximum
of 558 nm and an emission maximum of 583 nm (Baird et al., 2000; Tubbs et al., 2005). This
protein’s fluorophore differs from GFP in that it has a Glutamine where Serine should be (Q66).
This residue change significantly differentiates the two fluorophores, as the one for DsRed starts
with green fluorescence (Ex/Em of 475/500 nm) before maturing to red fluorescence (Gross et al.,
2000; Campbell et al., 2002; Mizuno et al., 2003). This photoconversion occurs through trans-cis
isomerization at the Q66 residue that changes it from a trigonal C α conformation to tetrahedral Cα
conformation (Tubbs et al., 2005). An unfortunate issue with natural DsRed is that it takes 24 hours
for it to mature from green to red (Bevis and Glick, 2002), making it practically difficult to use for
tracking cellular processes. Fortuitously, early research into the protein quickly found mutants that
sped up the maturation process and made it a viable research tool (Remington, 2002). The structure
of DsRed and its fluorophore can be seen in Figure 1.4 (Tubbs et al., 2005).

Figure 1.4 (A) Structure of DsRed (PDB 1ZGO (Tubbs et al., 2005)) with the QYG fluorophore
(red). (B) Close up view of the DsRed protein.
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The other group of coral RFPs is the Kaede type that uses a H62-Y63-G64 fluorophore that
also starts as green then matures to red (Mizuno et al., 2003; Kim et al., 2013). Research into it
revealed that the young green version has an excitation/emission profile of 480/518 nm, while the
mature red version has an Ex/Em of 540/582 nm. Interestingly, this protein was observed to take
only a few minutes to photoconvert and is irreversible (Ando et al., 2002). Other than the
differences in fluorophore, it appears that DsRed and Kaede are very similar coral fluorescent
proteins that photoconvert from green to red (Verkhusha et al., 2004).
Yellow FPs in corals have been found to emit light between 530 nm and 540 nm, and only
two have been documented to be found naturally in coral: phiYFP and zYFP (Labas et al., 2002;
Alieva et al., 2008). Interestingly, phiYFP is shown to use a fluorophore more similar to GFP
(T65-Y66-G67) (Pletneva et al., 2013), while zYFP uses one more similar to DsRed (K66-Y67G68) (Remington et al., 2005). A structure of phiYFP can be seen in Figure 1.5 (PDB 4HE4)
(Pletneva et al., 2013). In addition to those two, GFP has also been mutated to create another YFP
(Tsien, 2009).

Figure 1.5 (A) Structure of phiYFP (PDB 4HE4 (Pletneva et al., 2013)) with the TYG
fluorophore (yellow). (B) Close up view of the phiYFP protein.
7

The increasing collection of Cnidarian fluorescent proteins allow for researchers to perform
progressively more creative experiments that display a colorful array of cellular processes.

1.3. Biofluorescence in Fish
In a series of expeditions by Professor David Gruber and Dr. John Sparks, many of the
marine animals in the marine ecosystem were shown to fluoresce, including sharks (Gruber et al.,
2016; Park et al., 2019), sea turtles, and a wide array of ray-finned fish (Sparks et al., 2014; Gruber
et al., 2015; Guarnaccia et al., 2021). What is interesting about these instances of fluorescence is
that it becomes clear how integral it is for the visual ecology of marine life, much like
bioluminescence has been shown to be. To start, it has been shown that many fish in these marine
environments contain yellow intraocular lenses that act as long-pass filters, allowing them to see
long wavelength fluorescence (Heinermann, 1984). Additionally, observations of the various
lineages of fluorescent fish, including gobies and blennies, reveal species-specific fluorescent
patterning even from closely related species (Sparks et al., 2014). The purposes for evolving
biofluorescent components vary from species to species, but the driving forces are likely for
actions such as camouflage, communication, prey attraction, and/or mate attraction. For example,
many red-fluorescent benthic fish (such as gobies and blennies) are believed to fluoresce red in
order to camouflage with the coral in which they live, which also fluoresce red (Michiels et al.,
2008; Gerlach et al., 2014; Meadows et al., 2014; Sparks et al., 2014; Wucherer and Michiels,
2014).

8

1.4. Green Fluorescence in Fish
Green fluorescence is widely distributed in bony fish, particularly in a number of observed
lizardfish genera, gobies, seahorses, scorpionfish (Sparks et al., 2014), sharks (Gruber et al., 2016),
and eels (Hayashi and Toda, 2009; Gruber et al., 2015; Guarnaccia et al., 2021). These latter two
will be expanded on below.
1.4.1. Biofluorescence in Sharks
Along with numerous bony fish lineages, cartilaginous fish are also known to fluoresce
(Sparks et al., 2014). Catsharks, including the swell shark Cephaloscyllium ventriosum, lesserspotted catshark Scyliorhinus canicula, and chain catshark Scyliorhinus retifer, emit bright green
fluorescence, as well as see wavelengths in the range of this color emission (Gruber et al., 2016;
Park et al., 2019). Further investigation into these sharks revealed patterns of intense green light
that overlapped with their lighter, beige coloration, as opposed to the darker areas that had a lower
fluorescent intensity. This suggests that it is not merely a byproduct of another biochemical
reaction but is instead an intentional, evolutionarily-selected phenomenon (Gruber et al., 2016).
Later research performed mass spectrometry and NMR compared the two differently
pigmented areas of S. retifer and C. ventriosum to determine what factor, whether protein or small
molecule, caused this green fluorescence. Interestingly, instead of using a fluorescent protein like
many of the other animals mentioned, these sharks use a number of brominated tryptophankynurenine molecules located in the denticles (Park et al., 2019). It was shown that these
compounds originally arose as antibacterial products, since the ocean floor is known to have higher
concentrations of bacteria than the open ocean (Karl and Novitsky, 1988). Seven of the eight
compounds tested were shown to inhibit bacterial growth at varying concentrations. It has been
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hypothesized that the brominated tryptophan-kynurenine molecules offer photoprotection much
like in coral, protecting the animals from UV radiation (Taylor et al., 2002; Sweet et al., 2012).
1.4.2. Eels
True eels belong to the order Anguilliformes, which is placed within Actinopterygii (bony
fish). Characteristically, they have an elongated form (with great variability in their size) and their
elongate dorsal and anal fin are continuous with the caudal fin (Smith, 1979, 1986). Unlike most
bony fish, they lack a pelvic fin. One of the most familiar characteristics is the second, pharyngeal
jaw that can be extended rostrally in members of the family Muraenidae (moray eels) (Mehta and
Wainwright, 2007). Eels are for the most part nocturnal. Most anguilliform families, with the
exception of family Anguillidae (freshwater eels), live in marine environments (van Ginneken and
Maes, 2005; European eel (Anguilla anguilla) - Species Profile).
The lifecycle of an eel is another factor that separates them from other bony fish. Instead
of the conventional larva to small juvenile fish to large adult fish cycle, an eel starts off as a
leptocephalus, which is a transparent leaf-like larval form. It then elongates into a more familiar
eel-like form, while still small and still transparent. This small, transparent form is referred to as
the glass eel form. As it matures further, the eel will gain pigmentation and slowly transform into
an adult eel. While the exact lifespan is unknown, some eels have been shown to live for up to two
decades, and towards the end of that lifespan they may return to their spawning grounds to mate
(Smith, 1979; van Ginneken and Maes, 2005; Inoue et al., 2010).
There are currently 19 valid families of true eels. Three of those families that are relevant
to this thesis are Anguillidae, Chlopsidae, and Muraenidae. Anguillidae is the family of freshwater
eels and is the one most studied; much of what is known about eels in general is based off of
studies of Anguilla behavior and ecology (Aoyama et al., 2001; van Ginneken and Maes, 2005;

10

Inoue et al., 2010). With UnaG, a fluorescent fatty acid binding protein discovered in Anguilla
japonica (Hayashi and Toda, 2009; Kumagai et al., 2013), other members of the genus Anguilla
were also discovered to contain fluorescent proteins (A. Anguilla, A. australis, A. bicolor bicolor,
A. bicolor pacifica, and A. mossambica) (Funahashi et al., 2017). These sequences were expressed
in the lab and confirmed fluorescence (Gaffney, unpublished data). Chlopsidae is the family of
false morays, a reclusive group of poorly studied eels that share a lot of physical characteristics to
the more well-known moray eels, the most notable being green fluorescence that will be expanded
upon below (Gruber et al., 2015; Guarnaccia et al., 2021). Both are also shown to contain a
pharyngal jaw that is a key characteristic of the eel (Mehta and Wainwright, 2007; Johnson, 2019).
The major difference between the two families is size, as many observed chlopsid eels grow to 1
foot in total length (Tighe, 1992; Tighe and McCosker, 2003; Tighe et al., 2015). In addition to
these morphological characteristics, there have also been observations of moray eels cooperatively
hunting with different species of fish, like the coral grouper Plectropomus pessuliferus (Vail et al.,
2013).

1.5. Red Fluorescence in Fish
1.5.1. Protein Based Red Fluorescence
Of note, a red-fluorescent protein was discovered in the walleye fish Sander vitreus (now
Stizostedion vitreum) that emits at 675 nm when excited at 375 nm and bound to the heme
breakdown product biliverdin (Ghosh et al., 2016). This protein is known as Sandercyanin and is
homologous to apolipoprotein D. The hypothesized function of this protein is to act as a natural
sunscreen, given the location of these fish in a region of the northern hemisphere where UV light
has increased due to holes in the ozone layer (Schaefer et al., 2014).
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Sandercyanin and the anguilliform fluorescent proteins represent well-studied fish
fluorescent proteins, and it is interesting to note the similarities between them. These eel
fluorescent proteins are all homologous to brain fatty acid binding proteins (FABPs), which
belongs to the Calycin superfamily that includes apolipoprotein D (Flower, 1993, 1995; Flower et
al., 2000; Rassart et al., 2000). It should be noted that to date, fluorescent FABPs have only been
documented in eels. When these proteins bind to bilirubin, which is another breakdown product of
heme, they emit light around 530 nm when excited at around 493 nm (Kumagai et al., 2013). As
will be expanded upon below, these proteins are distinguished from nonfluorescent FABPs with
the addition of a GPP motif (Gruber et al., 2015; Krivoshik et al., 2020; Guarnaccia et al., 2021).
1.5.2. Guanine Crystals in Red Fluorescence
There are reported instances of red fluorescence that utilize guanine crystals instead of a
fluorescent protein (Michiels et al., 2008). This has been largely found in the families Gobidae
(goby), Syngnathidae (seahorse and pipefish), Labridae (wrasse), Blenniidae (combtooth blenny),
and Tripterygiidae (triplefin blenny). Distribution of these crystals varies from species to species.
What is interesting is that for a number of goby species, fluorescence can be seen strongly around
the eyes. This same paper showed that one of the species was definitively able to see its own red
fluorescence, which raises some interesting questions as to the advantages of eye-localized
fluorescence (Michiels et al., 2008). Currently, there remain questions about guanine-crystal-based
fluorescence versus protein-based fluorescence, such as whether the light emitted from these
crystals can be eliminated when introduced to heat, as with protein fluorescence. This would
provide an easy means of distinction between the two.

12

1.6. Calycin Superfamily
It is becoming increasingly clear that the structure of the fluorescent proteins plays a role
in their excitation and emission spectra. This was first demonstrated in Tsien’s research that
created an assortment of differently colored fluorescent proteins from GFP all by mutating key
residues (Weiss, 2008; Tsien, 2009). This can also be seen in the eel fluorescent fatty acid binding
proteins, which will be expanded upon below, where different homologues had different
fluorescent profiles despite binding the same fluorophore (bilirubin). In this section, we will look
at the calycin superfamily of proteins that have a number of different proteins, alongside the
fluorescent FABPs, that have documented fluorescent capabilities.
The calycin superfamily is a large group of proteins of many different functions, but of
very conserved structural motifs (Flower, 1993, 1996; Flower et al., 2000). This superfamily is
composed of five major groups: the lipocalins, the fatty acid-binding proteins (FABPs), avadins,
some metalloprotease inhibitors, and triabin (Flower et al., 2000). Calycin proteins all share three
common structures: (1) an antiparallel ꞵ barrel, (2) a 310 helix preceding the first beta strand that
closes one end of the barrel, and (3) a large L1 loop between the first and second ꞵ strands (Flower,
1993, 1996; Flower et al., 2000). The purpose of this section is not to provide an in-depth analysis
into the structural similarities and differences among the families, but merely to provide an
overview so as to contextualize structure in relation to fluorescent properties.
1.6.1. Lipocalins
Lipocalins are extracellular proteins that have great functional diversity, but possess the
same molecular recognition ability: they can bind small, hydrophobic molecules, specific cellsurface receptors, and soluble macromolecules (Flower, 1996). Membership for this group is
dependent upon sequence and/or structure similarity. The key structural elements are as such: the
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ꞵ barrel as described in 1, composed of eight ꞵ strands with an ⍺ helix between the eighth ꞵ strand
and a much shorter ninth ꞵ strand that falls outside of the barrel; the 310 helix described in 2; the
L1 loop described in 3; and conservation of the sixth and seventh ꞵ strands along with the L6 loop
connecting them (Flower, 1995; Flower et al., 2000). Some important groups of this protein family
include retinol binding proteins and retinoic acid binding proteins that control concentrations of
their respective ligands in cells, alpha 1 microglobulin that is hypothesized to be important for
heme degradation and antioxidation, and apolipoproteins that bind and transport lipids throughout
the body. A representative can be seen in Figure 1.6 that shows the structure of Sandercyanin
bound to biliverdin (PDB 5F6Z) (Ghosh et al., 2016).

Figure 1.6 A fluorescent calycin protein, Sandercyanin (PDB 5F6Z (Ghosh et al., 2016)) and its
fluorophore (biliverdin, red). The key structures typical of calycin protein are as follows: an
antiparallel ꞵ barrel, a 310 helix, and a large L1 loop.
1.6.2. Cellular Retinoic Acid Binding proteins (CRABPs)
CRABPs are a group of lipocalin proteins found in the cytosol that are responsible for
binding retinoic acid, whether to bring the molecule to the nucleus or simply keep concentrations
low (Ruberte et al., 1992). There are two known forms, CRABPI and CRABPII, each with a
different binding affinity for the ligand. Retinoic acid, also referred to as all-trans-retinoic acid, is
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a metabolite of vitamin A that is vital to cell growth, differentiation, and organogenesis (Ruberte
et al., 1992; Kam et al., 2012).
A paper in 2015 showed that two single point mutations of R132K and R111L (referred to
as KL) in CRABPII together were enough for the protein to display fluorescence, while further
mutations of KL could improve upon the emission quality (Yapici et al., 2015). Instead of the usual
retinoic acid ligand, these KL proteins were provided with a cyanine dye precursor (merocyanine
aldehyde) to act as a fluorophore. Once protein and ligand meet, they covalently bind, and
merocyanine gains an iminium group and is transformed into a cyanine dye. The precursor does
not display any fluorescence on its own, while the cyanine dye alone displays only mild
fluorescence. When KL and merocyanine bind, bright fluorescence is observed, displaying 60%
of the brightness of EGFP. This complex excites at 565 nm and emits light at 617 nm, and
interestingly has an absorption of 600 nm. An additional single point mutation of L121E in KL
(KLE) shifted absorption greatly depending upon the presence of any further mutations (for
example, KLE:V76W had an absorption of 569 nm) but did not significantly shift emission. The
authors did not indicate whether the excitation spectrum changed.
KLE and further mutations displayed much greater intensity than KL alone. The
researchers hypothesized that the negatively charged acid of E121 speeds up iminium formation
and stabilizes the cationic charge of the resulting nitrogen, which reduces delocalization, thus
creating a blue shift in excitation. The few mutations it takes to transform this protein into one that
is capable of binding merocyanine to fluoresce makes it likely there is at least one extant homolog
that evolved such that it can bind a fluorophore and fluoresce. A structure of KLE bound to
merocyanine can be seen in Figure 1.7 (PDB 4QGX) (Yapici et al., 2015). Interestingly, a 310
helix cannot be seen in this structure. Whether this is unique to CRABPII remains to be seen.
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Figure 1.7 KLE (4QGX (Yapici et al., 2015)) bound to merocyanine (red).
1.6.3. Alpha-1-microglobulin (A1M)
This protein is another lipocalin, but the function of the protein remains unknown. What is
known is that it may be involved in immunoregulation due to the presence of A1M receptors on
white blood cells, and in heme binding due to the overabundance of A1M in chronic venous ulcers
(Allhorn et al., 2003; Olsson et al., 2012). It has been established that A1M helps to break down
heme and to also protect against oxidative stress (Allhorn et al., 2002). A structure of the protein
can be seen in Figure 1.8 (PDB 3QKG) (Meining and Skerra, 2012).
A 2007 paper found minor fluorescent properties when bound to an unknown fluorophore;
there is speculation as to whether this is heme or kynurenine (a chromophore precursor) (Kwasek
et al., 2007). The researchers performed single point mutations to this protein and discover that the
C34 residue is important for ligand binding, while the residues K92, K118, and K130 (referred to
as K(3)) are important for transforming the ligand into a fluorophore (with the C-terminal LIPR
tetrapeptide inhibiting this transformation). The wild type protein is capable of fluorescing at 400
nm when excited at 320 nm, and while the mutants did not shift the spectra, they did alter the
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intensity: K(3)T significantly increased intensity while LIPR deletion, surprisingly, reduced
intensity, and the two C34S mutants (C34S and C34S/K(3)T) seem to quench fluorescence. This
protein has two potential fluorophores: heme (Kwasek et al., 2007) and kyunerinine (Sala et al.,
2004). Kyunerinine has been shown to emit weak fluorescence (Ex 365 nm, Em 480 nm), while
derivatives, such as N’-Formylkynurenine, show much brighter fluorescence (Ex 325 nm, Em 434
nm).
Another paper shows that A1M on its own displays minor fluorescence around 455 nm,
but increases in intensity and shifts slightly to 457 nm as it binds kyunerinine and is excited at 380
nm (Sala et al., 2004). Interestingly, as mentioned, it has been shown that bromokynurenine acts
as the biofluorescent molecule in catsharks (family Scyliorhinidae) (Gruber et al., 2016; Park et
al., 2019).
Heme, while not having any currently known fluorescent properties, is broken down into
biliverdin and bilirubin, which, as described above, are the ligands for Sandercyanin and the eel
fluorescent proteins, respectively. Since A1M is proposed to have a role in breaking down heme,
it stands to reason that it has capabilities to bind biliverdin, bilirubin, and/or other tetrapyrroles to
fluoresce.

Figure 1.8 Structure of alpha-1-microglobulin (PDB 3QKG (Meining and Skerra, 2012)).
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1.6.4. Fatty Acid Binding Proteins (FABPs)
There are various different isoforms of FABPs depending on where they can be found in
the body, including the brain, the heart, and in myelin. This family of proteins is responsible for
fatty acid uptake and intracellular transportation (Furuhashi and Hotamisligil, 2008). While there
tends to be more variability in the sequences of the tissue-specific isoforms, the tertiary structure
remains consistent: ꞵ barrel 1, composed of 10 ꞵ strands instead of eight; 310 helix structure 2; and
L1 loop 3 but enlarged to include two small ⍺ helices (Flower, 1993, 1996; Flower et al., 2000;
Smathers and Petersen, 2011) (PDB 4I3B) (Figure 1.9) (Kumagai et al., 2013).
There are slight variations in ligand binding. For example, the heart/muscle, brain,
epidermal, myelin, adipose, and testis isoforms (which share more sequence homology with each
other than with the other isoforms) are all capable of binding retinoids (such as retinyl palmitate
(Fukai et al., 1987)) and eicosanoids (such as PGD2) (Chaudry and Dutta-Roy, 1993) in addition
to fatty acids (Chmurzyńska, 2006). Structurally, the fatty acids, retinoids, and eicosinoids share
similarities of long carbon chains interspersed with double bonds, so it makes sense that they can
act as FABP ligands. However, this does not extend to bilirubin, an open linear tetrapyrrole that
acts as the fluorophore for the fluorescent FABPs. Tetrapyrroles contain 4 pyrrole rings and
include heme, heme breakdown products (bilins), chlorophyll, chlorophyll derivatives (including
luciferins), and more (Schultz et al., 2005; Broichhagen and Trauner, 2013). This indicates some
binding flexibility in this group of proteins, and likely in the superfamily. The role of these proteins
in fluorescence will be expanded on below.
The fluorescent fatty acid binding proteins differ from proteins like Green Fluorescent
Protein (GFP) in how they fluoresce: GFP cyclizes an internal tripeptide sequence (S65-Y66-G67)
to act as a fluorophore and weighs 27 kDa, fluorescent FABPs use bilirubin as their fluorophore
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and weigh 15-16 kDa. This gives fluorescent FABPs like UnaG an advantage over GFP in certain
areas of research. Since they do not cyclize their own sequence, they do not require oxygen to
fluoresce, allowing them to study hypoxic conditions like the tumor microenvironment
(Erapaneedi et al., 2016).
Additionally, the fluorophore utilized by these proteins is bilirubin, which is an open linear
tetrapyrrole, and is the end product of heme breakdown (Figure 1.10). Since bilirubin is neurotoxic
at too high of a concentration (Claireaux et al., 1953; Vasavda et al., 2019), we propose that eel
fluorescence evolved as a means of isolating bilirubin while the eel underwent vast migrations.
The use of bilirubin as a fluorophore opens up the possibility that these proteins can be used to
monitor neonatal jaundice, which results from the buildup of bilirubin in the blood (Iwatani et al.,
2016). These biomedical applications merit further research into the fluorescent FABPs and their
potential uses.

Figure 1.9 Structure of UnaG (PDB 4I3B (Kumagai et al., 2013)) bound to its fluorophore,
bilirubin (green).
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Figure 1.10 Structure of bilirubin, a breakdown product of heme that is the fluorophore for the
fluorescent fatty acid binding proteins.
1.6.4.1. Role of Fatty Acid Binding Proteins in Fluorescence
Eels have been shown to be fluorescent, with the first fluorescent protein discovered in the
Japanese freshwater eel Anguilla japonica (Hayashi and Toda, 2009). The protein that was later
sequenced, expressed, and characterized (UnaG) is a fluorescent fatty acid binding protein (FABP)
that requires addition of bilirubin to fluoresce (Kumagai et al., 2013). Years later, our lab’s work
led to the discovery of two additional bilirubin-binding eel fluorescent proteins in the reclusive
chlopsid eels Kaupichthys hyoproroides and Kaupichthys n. sp., referred herein as Chlopsid FP I
and FP II, respectively (Gruber et al., 2015). Discovery of these proteins was based on the presence
of a Glycine-Proline-Proline (GPP) motif found in the fluorescent FABPs, which our lab found to
be absent in the non-fluorescent analogues. This loop is located at one end of the β barrel in all
fluorescent fatty acid binding proteins found to date, based on crystallographic data from Kumagai
(Kumagai et al., 2013) and modeling work done by our lab (Gruber et al., 2015; Guarnaccia et al.,
2021). Mutation of any of these three residues significantly decreases or entirely quenches
fluorescence (Gruber et al., 2015; Krivoshik et al., 2020).
Recently, we have found the first fluorescent fatty acid binding protein in a moray eel,
Gymnothorax zonipectis (Guarnaccia et al., 2021). All four of the fluorescent fatty acid binding
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proteins to date have a β barrel structure that creates a hydrophobic core where bilirubin is bound.
We have proposed that the GPP motif acts as a cap at one end of the barrel, thereby isolating
bilirubin in the hydrophobic center and allowing it to fluoresce. This has been supported by
mutational studies (Gruber et al., 2015; Krivoshik et al., 2020) and will be the focus of Chapter 2
of this thesis.
Our research on fluorescence will be discussed in Chapters 2 and 3. Chapter 2 will cover
our work on the generation of point mutants of Chlopsid FP I. This work was done in collaboration
with another graduate student in the lab, Sara Krivoshik. We mutated key residues in an attempt
to shift excitation and emission, but instead demonstrate that these residues are crucial for
fluorescence in this group of proteins. This work was published in The Protein Journal (Krivoshik
et al., 2020).
Chapter 3 will relate to our discovery of GymFP in the moray eel Gymnothorax zonipectis.
This work entailed isolating RNA from fluorescent tissue and having de novo transcriptomic work
performed, which allowed us to discover the GymFP sequence. This sequence is homologous to
UnaG and Chlopsid FP I. We purified the sequence and confirmed that addition of bilirubin
induced green fluorescence. This work was published in Frontiers in Marine Science (Guarnaccia
et al., 2021).
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Chapter 2

Chapter 2. Disrupting Fluorescence by Mutagenesis in a Green Fluorescent Fatty Acid
Binding Protein from a Marine Eel.*
2.1. Introduction
Chlopsid eels are a family of eels that tend to be on the smaller size, as many observed
species reach no more than 1 foot in length (Tighe, 1992; Tighe and McCosker, 2003; Tighe et al.,
2015). This family of eels, Chlopsidae, is commonly referred to as the false moray eels because of
their close morphological resemblance to true morays, aside from their smaller stature. The family
is broken up into seven genera: Boehlkenchelys, Catesbya, Chilorhinus, Chlopsis, Kaupichthys,
Powellichthys, Robinsia, and Xenoconger (Lavenberg, 1988). This chapter focuses on proteins
characterized from the genus Kaupichthys.
In 2011, the reclusive eel Kaupichthys hyoproroides was photographed by Jim Helman and
David Gruber on a coral expedition. Later, when looking at the images the team noticed the
chlopsid eel exhibiting bright green fluorescence (Gruber et al., 2015). At the time, only one other
eel was known to fluoresce, which was the Anguilla eel Anguilla japonica (Hayashi and Toda,
2009; Kumagai et al., 2013). Hayashi and Toda first uncovered fluorescence throughout the
musculature of the eel while looking at lipid transportation. They labeled lipoproteins with
fluorescein to track if they would bind to muscle cells but found that even without these

*

Adapted from: Krivoshik, S. R., Guarnaccia, A. M., Fried, D. B., Gruber, D. F., and Gaffney, J.

P. (2020). Disrupting Fluorescence by Mutagenesis in a Green Fluorescent Fatty Acid Binding
Protein from a Marine Eel. Protein J. doi:10.1007/s10930-020-09883-3.
22

fluorescein-labeled lipoproteins, the muscles would still fluoresce. The fluorescent profile
discovered was an excitation of 493 nm and an emission of 527 nm (Hayashi and Toda, 2009). In
2013, Kumagai discovered the sequence by generating complementary DNA from strongly
fluorescent glass eels. The sequence found (UnaG) was isolated and discovered to belong to the
fatty acid binding protein family. Mass spectrometry analysis of mammalian-expressed UnaG lead
to the discovery that UnaG uses bilirubin as a fluorophore (Kumagai et al., 2013).
Our lab continued to look at the chlopsid eel Kaupichthys hyoproroides eel and a second
unidentified species of Kaupichthys eel, revealing two fluorescent fatty acid binding proteins that
are 55% identical to UnaG, and also required bilirubin to fluorophore (Hayashi and Toda, 2009;
Kumagai et al., 2013; Gruber et al., 2015). It is important to note that the two proteins, Chlopsid
FP I and Chlopsid FP II, were discovered looking for a unique tripeptide motif (Glycine-ProlineProline) that is present in UnaG but not found in closely related non-fluorescent brain fatty acid
binding proteins (Gruber et al., 2015). Proteins with even higher homology to UnaG were found
in the Kaupichthys eel, however they did not contain this motif and did not demonstrate
fluorescence. To date, the only FABPs to contain this motif display fluorescence. As will be
expanded on in the next chapter, we were able to find a fluorescent FABP in a moray eel because
of this motif (Guarnaccia et al., 2021).
Chlopsid FP I, the main focus of this chapter, is homologous to UnaG and contains a
slightly blue-shifted fluorescent profile: Chlopsid FP has an excitation wavelength of 488 nm and
emission of 525 nm, UnaG has an excitation of 497 nm and emission of 532 nm based on trials we
ran in our lab (Gruber et al., 2015; Guarnaccia et al., 2021). We believe that sequence differences
between the two proteins lead to these differences. We generated point mutations, focusing on
residues shown to be crucial for interacting with bilirubin in UnaG (Kumagai et al., 2013;
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Shitashima et al., 2018). We tested a GPP-deletion mutant of Chlopsid FP, resulting in no
quantifiable fluorescence. Additionally, the residues we focused on (H56, P60, and T79) did not
cause a shift, but instead we found that certain mutations were sufficient to either significantly
reduce or completely quench fluorescence. It is worth noting that two of the mutants, H56 and
P60, flank the motif (Krivoshik et al., 2020). Our results, detailed below, emphasize the need for
this tripeptide motif to generate fluorescence in FABPs and indicate that disrupting the flanking
residues hampers the ability of the motif to generate light. Furthermore, it illustrates that residue
79/80 is crucial for the protein’s ability to bind bilirubin.

2.2. Materials and Methods
2.2.1. Determination of Fluorescent Properties from Tissue Samples
To guarantee that samples included fluorescent tissue, K. hyoproroides was dissected using
a Lightools Research LT-9900 Illumatool Tunable Lighting System (Lightools Research). Crosssectional images of specimens were generated using a Zeiss-Axio Zoom V16 stereo fluorescent
microscope affixed with a Nikon D4 camera. These samples were then homogenized in 1X PBS
using a BeadBug homogenizer (Benchmark Scientific) and centrifuged at 15,000 rcf for 10
minutes.
2.2.2. Chlopsid FP Bacterial Expression
Genscript, USA provided plasmids of the wild type and mutant Chlopsid FP sequences in
pET-24b(+) vectors, that utilize kanamycin resistance, to express in BL21(DE3) E. coli cells.
These sequences each have an N-terminal 6x Histidine tag. Transformed cells were plated on agar
with 1:1000 dilution of kanamycin (50 mg/mL), and single colonies were selected to grow
overnight in 5 mL LB media containing 5 μL kanamycin at 37°C in a shaking incubator. Cultures
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were then transferred to 100 mL LB with 100 μL kanamycin and left to grow at 37°C until reaching
an OD600 of 0.4., at which point a 1:1000 dilution of IPTG (0.1 M stock) was added. The cultures
were then left growing in the incubator for another three hours, then centrifuged at 3,000 rcf for
30 minutes.
Resulting pellets were resuspended into 5 mL of Tris-HCl (50 mM), NaCl (150 mM).
Lysozyme (100 μL of 10 mg/mL stock) was added to the suspension, and the sample was left at
room temperature for one hour. The sample was then centrifuged at 8,000 rcf for 30 minutes, and
the supernatant was added to Nickel-NTA affinity chromatography for purification. Protein was
eluted using buffer containing Tris-HCl (50 mM), NaCl (150 mM), and Imidazole (300 mM), pH
7.4. Protein A280 was measured using a Cary60 UV-Vis spectrophotometer to confirm
concentration. We calculated the extinction coefficient of Chlopsid FP to be 15,768 M -1 cm-1
(Krivoshik et al., 2020) using the ExPasy ProtParam tool (Artimo et al., 2012). Bilirubin (SigmaAldrich, USA) was dissolved in NaOH and diluted in 1X PBS (1.19 mM phosphates, 13.7 mM
sodium chloride, 270 μM potassium chloride), pH 7.3, for further use in fluorescence assays.
2.2.3. Generation of SWISS-Model
We used SWISS-Model to construct models of the wild type and mutant proteins (Guex et
al., 2009; Bertoni et al., 2017; Bienert et al., 2017; Waterhouse et al., 2018; Studer et al., 2020).
The tool chose wild type UnaG as the template in all cases (PDB code 4I3B (Kumagai et al.,
2013)). PyMOL was used to render the structures (Schrödinger, LLC, 2015).
2.2.4. Fluorescence Analysis of Chlopsid FP Mutants and Quantum Yield
A Hitachi F-7000 Fluorimeter was used to collect fluorescence spectra. Spectra were
recorded of a 1:1 complex of bilirubin and purified protein.
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Fluorescein (Sigma) was used as a standard for quantum yield calculations. Serial dilutions
of fluorescein were made, and linearity was confirmed using absorbance values before proceeding
with quantum yield measurements. The Cary60 UV-Vis was used to measure absorbances.
2.2.5. Fluorescence Titrations
For wild type and mutant Chlopsid FP, we maintained a concentration of 500 nM and added
increasing amounts of bilirubin. These titrations were run in triplicates, and the data was averaged
to generate the titration curves, which were then fitted using Kaleidagraph (Synergy Software)
with a single-site binding model.
𝐿𝑅 ((𝑅 + 𝐿 + 𝑘𝑑 ) − √((𝑅 + 𝐿 + 𝑘𝑑 )2 − 4 ∗ 𝑅 ∗ 𝐿))
=
𝐿
(2 ∗ 𝐿)

2.3. Results and Discussion
2.3.1. Using Comparative Modeling to Understand the Structure of Chlopsid FP
Owing to the homology between Chlopsid FP and UnaG (55%) (Gruber et al., 2015), we
expect the structure of the former to be similar to that of the latter. SWISS-Model was used to
generate the predicted structure, which used wild type UnaG (PDB 4I3B) (Kumagai et al., 2013)
as a template. This model was then rendered in PyMOL (Schrödinger, LLC, 2015), in which the
GPP motif and the mutated residues are highlighted (Figure 2.1). In looking at fatty acid binding
proteins to date, the GPP motif (yellow in Figure 2.1) has been found exclusively in fluorescent
homologues and is absent in the nonfluorescent ones (Figure 2.1B) (Kumagai et al., 2013; Gruber
et al., 2015; Krivoshik et al., 2020; Guarnaccia et al., 2021). This motif forms a loop that is nearby
to where bilirubin (green) binds. Two residues that flank this motif, H56 and P60 (both in pink),
were mutated in this study and appear to interact with the ligand. T79 (also pink) juts into the betabarrel and also interacts with bilirubin but is opposite to H56 and P60.
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Figure 2.1 (A) Chlopsid FP predicted structure. UnaG is used as a template (PDB 4I3B).
Bilirubin is shown in green. GPP motif is yellow. Mutated residues H56, P60, and T79 are in
pink. (B) Close up of Chlopsid FP bound to bilirubin.
2.3.2. Chlopsid FP Binding of Bilirubin
Wild type Chlopsid FP has a quantum yield of 0.47, with an excitation of 489 nm and an
emission of 523 nm (Figure 2.2A) (Gruber et al., 2015; Krivoshik et al., 2020). Bilirubin was
added in increasing amounts (up to 2 μM) to purified protein that was maintained at a constant
concentration (500 nM) in order to calculate the dissociation constants. We used Kaleidagraph to
fit the data to a single-molecule binding model. The dissociation constant for wild type Chlopsid
FP was calculated to be 22.7 nM (Figure 2.2B).
In comparison to wild type, Chlopsid FP with the GPP deleted showed no measurable
fluorescence (Figure 2.2A). Titration was performed as well on the deletion, so as to determine if
the lack of fluorescence was just due to a weaker binding affinity to bilirubin, but even that did not
show quantifiable fluorescence (data not shown) as the bilirubin concentration increased. For this
reason, we conclude that the GPP motif is crucial for the eel fluorescent proteins to fluoresce, but
the mechanism by which it acts needs to be determined.
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Figure 2.2 (A) Comparison of Wild Type and GPP-deletion Chlopsid FP fluorescence (arbitrary
units). Protein and bilirubin were combined in 1:1 ratio (10 μM each). (B) Binding titration of
Wild Type Chlopsid FP with bilirubin. The protein is held at 500 nM, with bilirubin
concentration increasing. The data has been fitted to a single-molecule binding model.
2.3.3. Site-Directed Mutagenesis of Key Residues
We used site-directed mutagenesis to create five single-point mutants of Chlopsid FP in an
attempt to shift the excitation and/or emission of the protein. While we did not see any shift, the
mutations allowed us to determine which residues are critical for fluorescence when bound to
bilirubin. These residues were chosen based on the crystal structure of UnaG and the predicted
model of Chlopsid FP (Figure 2.1).
Wild type Chlopsid FP has an Ex/Em spectra that is blue-shifted 4 nm compared to the
spectra of UnaG (Kumagai et al., 2013; Gruber et al., 2015). Wild type Chopsid FP has a quantum
yield of 0.47 and Ex/Em of 489/523 nm (Figure 2.2A). The dissociation constant is calculated to
be 22.7 nM (Figure 2.2B).
The first residue we looked at was H56. This is an Asparagine in UnaG, which is implicated
to bind bilirubin in this homolog due to its proximity to GPP. H56 was mutated to Tyrosine and to
Cysteine. We chose Tyrosine to see how a large aromatic amino acid would shift the emission
spectra. Conversely, Cysteine was chosen because it is a smaller amino acid, and Alanine was
already used with UnaG (Kumagai et al., 2013). Equimolar concentrations of H56 and wild type
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were tested to determine any changes in spectra. After several trials, H56 mutants were shown to
either quench fluorescence or reduce it at least fourfold (Figure 2.3A). The H56C mutant has a
dissociation constant of 24.7 nM (Figure 2.3B), while the dissociation constant of H56Y could
not be calculated.

Figure 2.3 (A) Comparison of H56C and H56Y to Wild Type Chlopsid FP fluorescence
(arbitrary units). Protein and bilirubin are mixed in 1:1 ratio (10 μM each). (B) Binding
titration of H56C with bilirubin. H56C is held at 500 nM, with bilirubin concentration
increasing. Data is fitted to a single-molecule binding model.
P60, much like H56, was chosen based on its proximity to the GPP loop. We mutated the
residue to Alanine to observe how fluorescence was altered when the proline ring is removed. In
P60A, fluorescence was reduced (Figure 2.4).
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Figure 2.4 Comparison of P60A mutant to Wild Type Chlopsid FP fluorescence (arbitrary
units). P60A and bilirubin are mixed in 1:1 ratio (10 μM each).
We mutated T79 to three different residues: Alanine, Histidine, and Tyrosine. This residue
has been linked to bilirubin binding looking at the structure of UnaG (Shitashima et al., 2018).
T79A and T79Y had significant reductions of fluorescence but no shift in emission (Figure 2.5).
T79A specifically had a threefold reduction, with a dissociation constant of 53.2 nM and quantum
yield of 0.22. Dissociation constant for T79Y could not be calculated.

Figure 2.5 (A) Comparison of T79A and T79Y mutants to Wild Type Chlopsid FP fluorescence
(arbitrary units). Protein and bilirubin are mixed in 1:1 ratio (10 μM). (B) Binding titration of
T79A with bilirubin. T79A is held at 500 nM, with bilirubin concentration increasing. Data is
fitted to a single-molecule binding model.
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The difference in dissociation constants between the H56C and T79A mutants illustrate
their respective roles in fluorescence. H56C did not show a significantly different dissociation
constant from the wild type, but still lead to a reduction in intensity, indicating that the mutation
disrupted the ability of the GPP loop to isolate bilirubin into a completely hydrophobic
environment. T79A, on the other hand, had a dissociation constant more than twice that of the
wildtype, which reinforces the idea that the residue (S80 in UnaG) anchors bilirubin into the
protein cavity (Shitashima et al., 2018).

2.4. Conclusion
2.4.1. Chlopsid FP
Kaupichthys hyoproroides contains a bilirubin-inducible fluorescent protein that can be
seen throughout the musculature of the eel. This protein, belonging to a class of fluorescent fatty
acid binding protein that require the same ligand, excites at 489 nm to emit at 523 nm (Gruber et
al., 2015; Krivoshik et al., 2020). UnaG was the first protein to form this class, having been initially
identified in the aquaculture freshwater eel Anguilla japonica, with later studies providing the
characterization and structure of the protein (Hayashi and Toda, 2009; Kumagai et al., 2013).
These fluorescent homologs are 15-16 kDa, making them half the size of the original Green
Fluorescent Protein. They have the additional benefit of not requiring oxygen, giving them a host
of other uses (Iwatani et al., 2016; Funahashi et al., 2017; Yeh et al., 2017; Shitashima et al., 2018),
particularly in studying autophagy (Hu et al., 2018).
In our work with Chlopsid FP, we sought to better understand how the protein binds to a
bilirubin fluorophore, in addition to studying the GPP motif. This motif is found in fluorescent
fatty acid binding proteins but is absent in the non-fluorescent homologs (Gruber et al., 2015). To
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start, we calculated the dissociation constant of the wild type binding bilirubin, which we found to
be 22.7 nM. We were able to show that there is a significant decrease in quantum yield and
bilirubin binding affinity when key residues are mutated that flank GPP, as well as when GPP is
deleted (Figure 2.2) (Krivoshik et al., 2020).
Our initial attempts were to find mutants that could shift the Chlopsid FP, creating five
single-point mutations. These residues were selected based on proximity to both bilirubin and the
GPP motif. While fluorescent shifts were not found, we found a significant alteration to fluorescent
intensity. Two of the mutated residues, H56 and P60, flank GPP (Figure 2.1), and their reductions
in fluorescence reinforce the importance of GPP (Figures 2.3 and 2.4). Our hypothesis is that the
motif forms a loop that isolates bilirubin into a hydrophobic environment, which then causes
fluorescence. These mutants likely allow greater flexibility in the loop, which allows solvent into
the interior of the protein and disrupts fluorescence.
The five mutants looked at in this project all caused a significant reduction in intensity and
quantum yield. We studied these mutants further to determine if this was due to weaker bilirubin
binding or if the fluorophore configuration changed. Most of them had weaker binding in
comparison to the wild type (Figures 2.3, 2.4, and 2.5), with the exception of H56C which had a
dissociation constant of 24.7 nM (Figure 2.3B), close to the 22.7 nM calculated for wild type. This
indicates that H56 may have a role in forming the fluorophore instead of bilirubin binding seen
with the other residues.
A GPP deletion mutant was also created so that we could further look at the role of the
motif in fluorescence. Unsurprisingly, when the motif is removed, no fluorescence could be
measured, despite the increasing concentrations of bilirubin (Figure 2.2A). It is safe to conclude
that GPP deletion eliminates fluorescence, which, along with its absence in the non-fluorescent
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fatty acid binding proteins, supports the idea that this motif is critical to fluorescence. This will
allow researchers to more easily discover fluorescent FABPs, particularly in eels.
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Chapter 3

Chapter 3. Discovery and Characterization of a Bilirubin Inducible Green Fluorescent
Protein From the Moray Eel Gymnothorax zonipectis.*
3.1. Introduction
As previously discussed in Chapter 1, moray eels (family Muraenidae) are one of the 19
families in the order Anguilliformes (true eels). As such, much of their morphology and life cycle
follow that of the other eel families: they hatch in the transparent, leaf-like form (leptocephalus)
and metamorphose to glass eel then to the recognizable adult form, before returning to hatching
grounds to mate (Smith, 1979; van Ginneken and Maes, 2005; Inoue et al., 2010).
Recent research in our lab has demonstrated that Muraenidae eels are capable of
fluorescence, similar to eels in the families Anguillidae and Chlopsidae families (Hayashi and
Toda, 2009; Sparks et al., 2014; Gruber et al., 2015; Guarnaccia et al., 2021). We have extracted
RNA from the barred-fin moray Gymnothorax zonipectis and sent it to GENEWIZ, LLC for de
novo transcriptome assembly. From this assembly, we were able to isolate the sequence GymFP,
which we demonstrate is capable of emitting green light when excited by blue light. GymFP is
homologous to the other fluorescent FABPs, with a higher homology to UnaG than to Chlopsid
FP, and interestingly its fluorescent profile more closely matched that of UnaG as well.
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In addition to the similarities in sequence and excitation/emission spectra with UnaG, the
protein requires bilirubin as a fluorophore and contains the GPP motif that we have demonstrated
in the previous chapter is necessary for fluorescence in this group of FABPs (Gruber et al., 2015;
Krivoshik et al., 2020). This chapter details the discovery of GymFP and its molecular
characteristics in relation to UnaG and Chlopsid FP, as well as demonstrates where this group of
proteins fall in relation to the non-fluorescent FABPs.

3.2. Materials and Methods
3.2.1. Collection and Identification of Gymnothorax zonipectis
G. zonipectis specimens were collected during daylight SCUBA dives via rotenone
application to a targeted shallow reef habitat (8-12 m) in Peava Lagoon, Western Province of the
Solomon Islands (-8.784222 degrees S, 158.231345 degrees E). Immediately after collection, the
G. zonipectis specimen (AMNH 277097) was placed in a narrow photographic tank and held
against a thin plate glass (Figure 3.1A,B). To get fluorescent macro images, the camera flash was
covered with interference bandpass excitation filters (Omega Optical, Inc.,Brattleboro, VT;
Semrock, Inc., Rochester, NY) to elicit fluorescence. Longpass (LP) and bandpass (BP) emission
filters (Semrock) were attached to the camera lens to block the excitation light and better capture
emitted fluorescence. The eel was stored in a liquid nitrogen dry shipper and transported back to
the American Museum of Natural History, New York, where it was immediately stored at -80°C.
The specimen was then delivered to Baruch College.
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Figure 3.1 Green fluorescence of Gymnothorax zonipectis. (A) White light and (B) fluorescent
photo. (C,D) Close up photo of the skin, demonstrating green fluorescence below the skin. (E,F)
Cross section of the eel showing that fluorescence occurs just below the skin.
Research and collection permits were obtained from the Ministry of Fisheries and Marine
Resources (MFMR), and the Ministry of Environment, Climate Change, Disaster Management
and Meteorology (MECDM), Honiara, Solomon Islands. Fishes were collected and handled in
accordance with AMNH Institutional Animal Care and Use Committee (IACUC) and American
Fisheries Society (AFS) guidelines, as established for the safe and humane care and handling of
vertebrate animals. Fieldwork was carried out in collaboration with and permitted by the Solomon
Islands MFMR and MECDM, and facilitated in the Solomon Islands by the Wildlife Conservation
Society (WCS, New York; Munda, Western Province, Solomon Islands).
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The identification of Gymnothorax zonipectis was performed by Dr. John Sparks, principal
investigator at the Sackler Institute for Comparative Genomics and Curator in the Department of
Ichthyology at the American Museum of Natural History. The identification of G. zonipectis was
based on the appearance of the body and head regions. The body was brown with irregular but
distinct dark brown markings (in four longitudinal series) with pale borders behind the eyes. The
bars become darker with bright white borders on the rear fins. On the upper and lower jaws, there
were 2-3 laterosensory pores that were covered in white bars that were continuous and oriented
vertically along the lower jaw (Figure 3.2).

Figure 3.2 Images of Gymnothorax zonipectis head. Identification was determined based on pore
pattern on lower jaw, as well as the pigmentation pattern on the body. We observed 4
longitudinal series of dark markings on the flank.
3.2.2. Determination of Fluorescent Properties from Tissue Samples
To guarantee that samples included fluorescent tissue, G. zonipectis was dissected using a
Lightools Research LT-9900 Illumatool Tunable Lighting System (Lightools Research). Crosssectional images of specimens were generated using a Zeiss-Axio Zoom V16 stereo fluorescent
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microscope affixed with a Nikon D4 camera. These samples were homogenized in 1X PBS using
a BeadBug homogenizer (Benchmark Scientific) and centrifuged at 15,000 rcf for 10 minutes.
3.2.3. RNA Extraction and de novo Transcriptome Assembly
We extracted G. zonipectis RNA from fluorescent tissue, below the skin (Figure 3.1E),
using the RNeasy Fibrous Tissue Mini Kit from Qiagen. 30 mg of fluorescent tissue was cut for
extraction, using the Illumatool to confirm fluorescence. We acquired 28 μL of 75 ng/μL RNA,
which was then sent to GENEWIZ, LLC (South Plainfield, NJ). De novo transcriptome assembly
and bioinformatic analysis were performed by this company, and a BLAST search was used to
search for protein candidates. From the results, GymFP was selected due to its similarity to UnaG
and Chlopsid FP and was analyzed further.
3.2.4. Library Preparation with polyA selection and HiSeq Sequencing
Library Preparation was performed by GENEWIZ, LLC. RNA was quantified using Qubit
2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). RNA integrity measurement was
completed using TapeStation (Agilent Technologies, Palo Alto, CA, USA).
NEBNext Ultra RNA Library Prep Kit for Illumina was used in library preparation
according to manufacturer’s instructions (NEB, Ipswich, MA, USA). mRNAs were enriched with
Oligod(T) beads and were then fragmented for 15 minutes at 94°C. First and second strand cDNA
were synthesized, end repaired, and adenylated at 3’ends. Universal adapters were then ligated to
cDNA fragments, followed by index addition and library enrichment by PCR with limited cycles.
The Agilent TapeStation was used for library validation (Agilent Technologies, Palo Alto,
CA, USA), and quantified by using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well as
by quantitative PCR (KAPA Biosystems, Wilmington, MA, USA).
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The library was clustered on flowcell, which was then loaded on the Illumina HiSeq
instrument (4000 or equivalent) according to manufacturer’s instructions. The sample was
sequenced using a 2x150bp Paired End (PE) configuration. Image analysis and base calling were
conducted by the HiSeq Control Software (HCS). Raw sequence data (.bcl files) generated from
Illumina HiSeq was converted into fastq files and de-multiplexed using Illumina's bcl2fastq 2.17
software. One mismatch was allowed for index sequence identification.
3.2.5. Data Analysis
Data analysis was performed by GENEWIZ, LLC. Trimmomatic v.0.36 was used to trim
sequence reads to remove possible adapter and nucleotides with poor quality (error rate < 0.01).
Then Trinity v2.5, a de-novo assembler, was used on combined samples per species. One de-novo
assembled transcriptome was created with a minimum contig length of 200 bp. Transrate v1.0.3
was used to generate statistics for the de-novo assembled transcriptome. EMBOSS tool getorf was
then used to find the open reading frames within the de-novo assembled transcriptome. The de
novo transcriptome assembly was then annotated using Diamond BLASTx against the NCBI NR
database.
3.2.6. Phylogenetic Tree Generation
Figure 3.3 shows an alignment of eel fluorescent FABPs compared with non-fluorescent
FABPs. Figure 3.4 shows a phylogenetic tree of these same sequences. We used MAFFT v7.487
with the L-INS-i Iterative refinement method and default parameters to align a number of
fluorescent and non-fluorescent fatty acid-binding proteins (Figure 3.3) (Hofacker et al., 2002;
Katoh et al., 2002, 2005; Katoh and Toh, 2008; Tabei et al., 2008; Katoh and Frith, 2012; Kuraku
et al., 2013; Katoh and Standley, 2016; Yamada et al., 2016; Rozewicki et al., 2019). The best
model of substitution was selected using ModelFinder (Kalyaanamoorthy et al., 2017). For
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generation of the phylogenetic tree (Figure 3.4), the following input data statistics were generated:
14 sequences with 146 amino-acid sites. Number of constant sites: 24 (= 16.4384% of all sites).
Number of invariant (constant or ambiguous constant) sites: 24 (= 16.4384% of all sites). Number
of parsimony informative sites: 91. Number of distinct site patterns: 143. The tree was constructed
from 1000 ultrafast bootstrap trees (Hoang et al., 2018). Figure 3.5A compares UnaG, Chlopsid
FP, and GymFP directly using the same method as in Figure 3.3, while Figure 3.5B shows the
structure of GymFP generated via SWISS-Model using UnaG as a template (Guex et al., 2009;
Bertoni et al., 2017; Bienert et al., 2017; Waterhouse et al., 2018; Studer et al., 2020).
3.2.7. GymFP Bacterial Expression
Genscript, USA provided the GymFP plasmid in a pET-24b(+) vector that utilizes
kanamycin resistance, to express in BL21(DE3) E. coli cells. These sequences have an N-terminal
6x Histidine tag. Transformed cells were plated on agar with 1:1000 dilution of kanamycin (50
mg/mL), and single colonies were selected to grow overnight in 5 mL LB media containing 5 μL
kanamycin at 37°C in a shaking incubator. Cultures were then transferred to 100 mL LB with 100
μL kanamycin and left to grow at 37°C until reaching an OD600 of 0.4., at which point a 1:1000
dilution of IPTG (0.1 M stock) was added. The culture was left growing in the incubator for another
three hours, then centrifuged at 3,000 rcf for 30 minutes.
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A.japonica fpFABP
A.bicolor bicolor fpFABP
A.australis fpFABP
A.mossambica fpFABP
G.zonipectis fpFABP
K.hyoproroides fpFABP
K.n.sp. fpFABP
H.sapiens FABP7
G.zonipectis FABP7 like
D.rerio FABP7
K.hyoporoides FABP7 like
D.rerio FABP3
A.japonica FABP3
D.rerio FABP10

--MVEKFVGTWKIADSHNFGEYLKAIGAPKELSDGGDATTPTLYISQKDG
--MVEKFVGTWKIAESHNFGEYLKAIGAPKELSDGGDATKPTLYISQKDG
--MVEKFVGTWKIADSHNFGEYLKAIGAPKELSDGGDATTPTLYISQKDG
--MVEKFVGTWKIADSHNFGEYLKAIGAPKELSDGGDATTPTLYISQKDR
--MLEQFVGKWTIAESKDFGKYLEAIGAPTSLSEAGDNTQPKLEISQKDG
--MFEDFLGTWKCIDSQNFGAYLAAIGAPPVLSERADATRPTVHFN-RDG
--MFEDFLGTWECIDSQNFGAYLAAVGAPPVLSDRADATRPTVYFN-RDG
--MVEAFCATWKLTNSQNFDEYMKALGVGFATRQVGNVTKPTVIIS-QEG
--MVDAFCATWKLLDSQNFDDYMKAIGVGFATRQVGNVTKPTIIIG-KDG
--MVDAFCATWKLVDSQNFDEYMKSLGVGFATRQVGNVTKPTIVIS-HEG
--MVDAFFGTWKLVDSQNFDEYMKALGVGFATRQVGNVTKPTVIIG-QDG
--MADAFIGTWNLKESKNFDEYMKGIGVGFATRQVANMTKPTTIIS-KEG
MVIMEPFLGTWHLKTSENFDEYMKELGVGFATRKIGNTTKPTLIIA-ADG
--M--AFSGTWQVYAQENYEEFLRAISLPEEVIKLAKDVKPVTEIQ-QNG

A.japonica fpFABP
A.bicolor bicolor fpFABP
A.australis fpFABP
A.mossambica fpFABP
G.zonipectis fpFABP
K.hyoproroides fpFABP
K.n.sp. fpFABP
H.sapiens FABP7
G.zonipectis FABP7 like
D.rerio FABP7
K.hyoporoides FABP7 like
D.rerio FABP3
A.japonica FABP3
D.rerio FABP10

DKMTVKIENGPPTFLDTQVKFKLGEEFDEFPSDRRKGVKSVVNLVGEKLV
DKMTVKIENGPPTFLDTEVKFKLGEEFDEFPSDRRKGVRSVVNLVGEKLV
DKMTVKIENGPPTFLDTQVKFTLGEEFDEFPSDRRKGVRSVVNLVGEKLV
DKMTVKIENGPPTFLDTEVKFKLGEEFDEFPSDRRKGVRSVVNLVGEKLV
NKMTVDIDNGPPTNYQVQVKFTLGEEFDEKTSDGRKGIKTTVTYEDNKLV
DKLSLKVEHGPPPLKDVLLSFKLGEEFDEHPTDGRK-CKTLVTFEGDKLL
DKLSLKVEHGPPPLKDVILSFKLGEEFDEHPTDGRK-CKTLVTFEGDKLL
DKVVIRTLS---TFKNTEISFQLGEEFDETTADDRN-CKSVVSLDGDKLV
DKMFVKTLS---TFKNTEISFKLGEEFDETTADDRN-CKSVISMEGDKLV
DKVVIKTLS---TFKNTEISFKLGEEFDETTADDRH-VKSTVSLEGDNLV
DKVFVKT-Q---TF-NTEISFKLGEEFDETTADDRN-CKSVV-MEGNSLV
DVFTLKTVS---TFKSTEINFKLGEEFDETTADDRK-VKSVITLDGGKLL
DKFQVKTQS---LLKSTEINFKLGEEFDETTADDRK-VKSVVKLEDGKLV
SDFTITSKT---PGKTVTNSFTIGKEAEITTMDGKK-LKCIVKLDGGKLV

A.japonica fpFABP
A.bicolor bicolor fpFABP
A.australis fpFABP
A.mossambica fpFABP
G.zonipectis fpFABP
K.hyoporoides fpFABP
K.n.sp. fpFABP
H.sapiens FABP7
G.zonipectis FABP7 like
D.rerio FABP7
K.hyoporoides FABP7 like
D.rerio FABP3
A.japonica FABP3
D.rerio FABP10

YVQKWDGKETTYVREIKDGKLVVTLTMGDVVAVRSYRRATE----YAQKWDGKETTYVREIKDGKLVVTLTMGDVVSVRSYRRATE----YLQKWDGKETTLVREIKDGKLFVTLTMGDVVSVRSYRRASE----YLQKWDGKKTTLVREIKDGKLVVTLTMGDVVSVRSYRRATE----YTQRWDGKKAVTYRQVVDGTLVTKLTYGDVVSVRKYKRINV----YLQKWDGKETVVVREIRDGNVVATLSHEGVVALRVYKKVAGPTALE
YLQKWDGKETVVVREIRDGNVVATLSHEGVVALRVYKKVAGPTA-HIQKWDGKETNFVREIKDGKMVMTLTFGDVVAVRHYEKA------HVQKWDGKETKFVREIQDGKMVMKLTFEDILAVRTYEKA------QVQRWDGKETKFVREIKDGKMVMTLTFEGVQAVRTYEKA------HVQ-WDGKETKFVREVQDGKLVMKLTFEDVLSVRTYEKA------HVQKWDGKETTLLREVSDNNLTLTLTLGDIVSTRHYVKAE-----HLQKWDSKETSLVRAVDGNKLTLTLTFGNVVSTRHYEKAE-----CRT----DRFSHIQEIKAGEMVETLTVGGTTMIRKSKKI-------
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Figure 3.3 Alignment of fluorescent and non-fluorescent FABPs. Amino acid sequences were
aligned using MAFFT v7.487 with the L-INS-i Iterative refinement method and default parameters
(Hofacker et al., 2002; Katoh et al., 2002, 2005; Katoh and Toh, 2008; Tabei et al., 2008; Katoh
and Frith, 2012; Kuraku et al., 2013; Katoh and Standley, 2016; Yamada et al., 2016; Rozewicki
et al., 2019). The best model of substitution was selected using ModelFinder (Kalyaanamoorthy et
al., 2017). Sequences used for the tree and alignment are as follows: Anguilla japonica FP-FABP
(UnaG, Accession P0DM59.1), Anguilla bicolor bicolor FP-FABP (Accession BAP76195.1),
Anguilla australis FP-FABP (Accession BAP76194.1), Anguilla mossambica FP-FABP
(Accession BAP76197.1), Gymnothorax zonipectis FP-FABP (GymFP, Accession
PRJNA718586), Kaupichthys hyoproroides FP-FABP (Chlopsid FP I, Accession PRJNA192511),
Kaupichthys n. sp. FP-FABP (Chlopsid FP II, Accession PRJNA223153), Homo sapiens FABP-7
(Accession NP_001437.1), Gymnothorax zonipectis FABP-7 like (Accession PRJNA718586),
Danio rerio FABP-7 (Accession NP_571680.1), Kaupichthys hyoproroides FABP-7 like
(Accession PRJNA192511), Danio rerio FABP-3 (Accession NP_694493.1), Anguilla japonica
FABP-3 (Accession BAA92241.3), Danio rerio FABP-10 (Accession NP_694492.1).

Resulting pellets were resuspended into 5 mL of Tris-HCl (50 mM) with NaCl (150 mM).
Lysozyme (100 μL of 10 mg/mL) was added to the suspension, and the sample was left at room
temperature for one hour. The sample was then centrifuged at 8,000 rcf for 30 minutes, and the
supernatant was added to Nickel-NTA affinity chromatography for purification. Protein was eluted
using buffer containing Tris-HCl (50 mM), NaCl (150 mM), and Imidazole (300 mM), pH 7.4.
Protein A280 was measured using a Cary60 UV-Vis spectrophotometer. We calculated the
extinction coefficient of GymFP to be 21,430 M-1 cm-1 (Guarnaccia et al., 2021) using the ExPasy
ProtParam tool (Artimo et al., 2012). Bilirubin (Sigma-Aldrich, USA) was dissolved in NaOH and
diluted in 1X PBS (1.19 mM phosphates, 13.7 mM sodium chloride, 270 μM potassium chloride),
pH 7.3, for further use in fluorescence assays.
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Figure 3.4 Phylogenetic tree of fluorescent and non-fluorescent FABPs, rooted to the midpoint.
Fluorescent proteins are shown in green. Input data statistics: 14 sequences with 146 amino-acid
sites. Number of constant sites: 24 (= 16.4384% of all sites). Number of invariant (constant or
ambiguous constant) sites: 24 (= 16.4384% of all sites). Number of parsimony informative sites:
91. Number of distinct site patterns: 143. The consensus tree was constructed from 1000 ultrafast
bootstrap trees (Hoang et al., 2017). Sequences used for the tree and alignment are as follows:
Anguilla japonica FP-FABP (UnaG, Accession P0DM59.1), Anguilla bicolor bicolor FP-FABP
(Accession BAP76195.1), Anguilla australis FP-FABP (Accession BAP76194.1), Anguilla
mossambica FP-FABP (Accession BAP76197.1), Gymnothorax zonipectis FP-FABP (GymFP,
Accession PRJNA718586), Kaupichthys hyoproroides FP-FABP (Chlopsid FP I, Accession
PRJNA192511), Kaupichthys n. sp. FP-FABP (Chlopsid FP II, Accession PRJNA223153), Homo
sapiens FABP-7 (Accession NP_001437.1), Gymnothorax zonipectis FABP-7 like (Accession
PRJNA718586), Danio rerio FABP-7 (Accession NP_571680.1), Kaupichthys hyoproroides
FABP-7 like (Accession PRJNA192511), Danio rerio FABP-3 (Accession NP_694493.1),
Anguilla japonica FABP-3 (Accession BAA92241.3), Danio rerio FABP-10 (Accession
NP_694492.1).
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Figure 3.5 (A) MAFFT-generated alignment of GymFP, Chlopsid FP, and UnaG (Hofacker et al.,
2002; Katoh et al., 2002, 2005; Katoh and Toh, 2008; Tabei et al., 2008; Katoh and Frith, 2012;
Kuraku et al., 2013; Katoh and Standley, 2016; Yamada et al., 2016; Rozewicki et al., 2019). (B)
GymFP predicted structure generated via SWISS-Model (Guex et al., 2009; Bertoni et al., 2017;
Bienert et al., 2017; Waterhouse et al., 2018; Studer et al., 2020). Green residues represent the
GPP insert; identical residues between GymFP, Chlopsid FP, and UnaG are represented in purple.
3.2.8. Generation of SWISS-Model
We used SWISS-Model to construct the GymFP model (Guex et al., 2009; Bertoni et al.,
2017; Bienert et al., 2017; Waterhouse et al., 2018; Studer et al., 2020). The tool chose Wild Type
UnaG to use as the template (PDB code 4I3B (Kumagai et al., 2013)). PyMOL was used to render
the structure (Figure 3.5B) (Schrödinger, LLC, 2015).
3.2.9. Fluorescence Analysis of GymFP
A Hitachi F-7000 Fluorimeter was used to collect fluorescence spectra. Spectra were
recorded of a 1:1 complex of bilirubin and purified protein. Protein concentration was measured
using an Absorbance reading at 280 nm on a Cary60 UV-Vis spectrophotometer using a calculated
extinction coefficient of 21,430 M-1 cm-1 that we determined with the ExPasy ProtParam tool
(Artimo et al., 2012).

3.3. Results and Discussion
3.3.1. Properties of Endogenous Gymnothorax zonipectis Fluorescence
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We discovered that fluorescence in the tissue samples of G. zonipectis was found
throughout the length of the eel but localized to just below the skin (Figure 3.1E), which is unlike
the fluorescence distribution in Anguilla japonica and Kaupichthys hyoproroides that can be found
throughout the musculature (Hayashi and Toda, 2009; Kumagai et al., 2013; Krivoshik et al., 2020;
Guarnaccia et al., 2021). The fluorescent tissue was dissected, homogenized in 1X PBS, then
centrifuged. Fluorescence remained in supernatant and was quenched upon boiling at 95ºC (data
not shown).
3.3.2. Properties of GymFP
GymFP has a molecular weight of 15.6 kDa and is 139 amino acids in length, which
matches up with UnaG and Chlopsid FP. When bound to bilirubin, GymFP has an excitation of
496 nm and an emission of 532 nm, unbound protein does not fluoresce (Figure 3.6). As illustrated
in Figure 3.7, the Ex/Em is 496/532 nm, which is different from Chlopsid FP (488/525 nm)
(Gruber et al., 2015; Krivoshik et al., 2020) but similar to UnaG (497/532 nm) (Hayashi and Toda,
2009; Kumagai et al., 2013).
3.3.3. Transcriptome
To find GymFP, we searched the G. zonipectis transcriptome for fatty acid binding
proteins, and further narrowed our search based on the presence of GPP at residues 58-60 (Figure
3.5A). GymFP was the only sequence that met these criteria. A BLASTp search conducted on
NCBI of the sequence confirmed it is homologous to UnaG as well as other Anguilla fluorescent
FABPs (Funahashi et al., 2017).
3.3.4. Alignments and Phylogenetic Tree
We aligned GymFP to Chlopsid FP and UnaG in order to identify homologous residues
(Figure 3.5A). Purple residues are identical in all three sequences, and the GPP motif is shown in
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green. Using the SIM alignment tool on ExPasy (Huang and Miller, 1991), we found that Gym FP
is 61% identical to UnaG and 47% identical to Chlopsid FP. We further aligned GymFP to a
number of fluorescent and non-fluorescent fatty acid binding protein (Figures 3.3 and 3.4). The
resulting phylogenetic tree shows a division of fluorescent from non-fluorescent homologs, as well
as shows that GymFP is distinct from the Anguilla and Kaupichthys fluorescent proteins. This
further confirms the importance of the GPP motif in allowing the fluorescent FABPs to bind
bilirubin and fluoresce.

Figure 3.6 (Green) GymFP Excitation (Ex) and Emission (Em) spectra when combined with
bilirubin in a 1:1 complex (2.1 uM). (Gray) Apo GymFP Excitation and Emission. GymFP was in
50 mM Tris HCl, 150 mM NaCl, 300 mM while bilirubin was in 1X PBS.
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Figure 3.7 Excitation (Ex) and Emission (Em) comparing GymFP (green), Chlopsid FP (blue),
and UnaG (red). All fluorescence spectra are normalized.

3.4.Conclusion
3.4.1. GymFP
There are now three anguilliform (true eel) families documented to contain fluorescent
proteins: Anguillidae (Anguilla japonica) (Hayashi and Toda, 2009; Kumagai et al., 2013),
Chlopsidae (Kaupichthys hyoproroides and Kauipchthys n. sp.) (Gruber et al., 2015; Krivoshik et
al., 2020), and now Muraenidae (Gymnothorax zonipectis) (Guarnaccia et al., 2021). It is worth
mentioning that unlike Anguilla and Kaupichthys, that exhibited fluorescence throughout the
musculature (Hayashi and Toda, 2009; Gruber et al., 2015), in Gymnothorax zonipectis
fluorescence was restricted to just below the epidermis (Figure 3.1).
Anguilla eels are known to migrate vast distances between freshwater and
tropical/subtropical water sources (Tsukamoto, 2006). Fluorescence in Anguillidae is
hypothesized to have antioxidant characteristics that results from binding to bilirubin (Kumagai et
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al., 2013). On the other hand, all Chlopsidae and most Muraenidae species live in marine
environments. Chlopsidae fluorescence has been hypothesized to assist with mating during the full
moon, since the eels are shown to reproduce and spawn in accordance with the lunar cycle (Lee et
al., 2008). The two chlopsid fluorescent proteins discovered (Chlopsid FP I and II) were found in
Kaupichthys hyoproroides and Kaupichthys n. sp., respectively, are 94% homologous to each other
(Gruber et al., 2015).
In previous research on moray eels, it was shown that the undulated moray eel,
Gymnothorax undulatus contains rod cells that can detect light at 495 nm (Munz and McFarland,
1973), suggesting that members of the genus of Gymnothorax can detect green light. Gymnothorax
favagineus contains rod cells to detect 487 nm and a cone cell that detects 501 nm, while
Gymnothoax reticularis contains a rod cell at 486 nm and a cone cell at 494 nm (Wang et al.,
2011). At this moment, G. zonipectis is not as well-studied as others, so it remains to be seen what
role fluorescence plays in their visual ecology. Individual eels have been documented to have
nocturnal feeding habits (Böhlke and Randall, 2000), and while Bronsonian knots have not been
seen in G. zonipectis specifically, it has been seen in other Gymnothorax species (Kondo, 1955;
Barley et al., 2016). Other Gymnothorax species are recorded to hunt with other fish, such as the
grouper Plectropomus pessuliferus masrubri or the coral trout Plectropomus leopardus (Vail et
al., 2013).
RNA was extracted from the tissue from G. zonipectis, and a transcriptome was generated
by GENEWIZ, LLC (South Plainfield). 273,073,027 reads were run through a BLAST search. The
transcriptome can be found under BioProject PRJNA718586. We searched the list of sequences
for fatty acid binding proteins that contained the GPP motif starting at residue 58. Only one
sequence matched those criteria, GymFP, which we synthesized for protein expression. Brain fatty
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acid binding proteins, to which the fluorescent proteins are most homologous, were found but
lacked GPP at residues 58-60. This supports the importance of this motif in eel fluorescence since,
as mentioned in the previous chapter, mutants of Chlopsid FP with altered or deleted GPP exhibited
no discernable fluorescence (Gruber et al., 2015; Krivoshik et al., 2020).
GymFP is 61% identical to UnaG (Anguilla japonica) and 47% identical to Chlopsid FP
(Kaupichthys hyoproroides) (Guarnaccia et al., 2021). In studying this protein, we uncovered
similarities to the other fluorescent proteins, such as the emission of green light and the use of
bilirubin as a ligand. As previously stated, GymFP additionally contains a GPP motif (Figure
3.5A). We believe that this is significant as it is the third eel fluorescent protein derived from the
fatty acid binding protein family to contain the tripeptide, while the non-fluorescent homologs to
date have not been found to contain this sequence. The regularity of the motif in fluorescent
homologs can also be seen in the phylogenetic tree, which was generated using 14 fatty acid
binding proteins from fluorescent eels, non-fluorescent fish, and humans (Figure 3.4). The
fluorescent proteins formed their own clade, which can be seen in other trees that have been
published (Gruber et al., 2015; Funahashi et al., 2017). It is worth mentioning that the Anguilla
and Gymnothorax fluorescent proteins are sister in this tree, but that is only supported 36% of the
time.
SWISS-Model was used to generate a predicted structure of GymFP (Figure 3.5B) (Guex
et al., 2009; Bertoni et al., 2017; Bienert et al., 2017; Waterhouse et al., 2018; Studer et al., 2020),
which used UnaG (PDB 4I3B) as a template (Kumagai et al., 2013). In the structure we see the β
barrel structure anticipated from these fluorescent proteins. We highlighted residues identical in
UnaG, Chlopsid FP, and GymFP in purple, and highlighted the GPP motif in green. To date, we
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have not been able to determine residues or sequence motifs responsible for shifting fluorescence
spectra (Krivoshik et al., 2020).
Fatty acid binding proteins belong to the lipocalin family of proteins. It should be noted
that another member of this family, apolipoprotein D, contains a fluorescent homolog as well. This
protein is the red fluorescent protein Sandercyanin, found in Stizostedion vitreum (previously
Sander vitreus). Much like how the fluorescent fatty acid binding proteins utilize the heme
breakdown product bilirubin as a ligand, Sandercyanin utilizes another heme breakdown product,
biliverdin, as its ligand (Ghosh et al., 2016). Further research is needed to determine to what extent
sequence differences versus ligand differences play into these respective emissions.
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Chapter 4

Chapter 4. Marine Bioluminescence
4.1. Bioluminescence
Bioluminescence is a biological phenomenon where organisms can emit light. Generation
of light occurs through an enzymatic processor where an enzyme (the luciferase) oxidizes a small
molecule (the luciferin) (Shimomura, 2012). This phenomenon is found in most phyla of the
animal kingdom (Haddock et al., 2010; Widder, 2010). Many species of bacteria (Nealson and
Hastings, 1979) and fungi (Oliveira et al., 2012; Seas-Carvajal and Avalos, 2013) are shown to
luminesce as well. One prominent example of bioluminescence comes from fireflies that glow at
dusk in the springtime to attract mates. In addition, this phenomenon is common in marine
ecosystems, found in many organisms like dinoflagellates, decapod shrimp, anglerfish, and
jellyfish (Widder, 2010).
Luciferases are species-specific, while there are only a small number of known luciferins
to date (Haddock et al., 2010). This means that for every unique species that luminesces using its
own bioluminescent system, they are using a luciferase that is endogenous to them regardless of
any homology to other luciferases. A representative biochemical reaction can be seen in Figure
4.1 in which coelenterazine is oxidized to generate cyan light.
The most common luciferins are firefly luciferin, bacterial luciferin, dinoflagellate
luciferin, vargulin, and coelenterazine. Firefly luciferin is a 1,3-thiazolemonocarboxylic acid that
is found famously in fireflies and also in click beetles. Bacterial luciferin is a flavin
mononucleotide found in a number of bacteria genera. Dinoflagellate luciferin is an open linear
tetrapyrrole found in dinoflagellates. Vargulin is formed from a tripeptide cyclization and is found
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in a number of ostracods. Coelenterazine is also formed from a tripeptide cyclization and is found
across phyla, including Cnidaria, Ctenophora, Arthropoda, etc. (Haddock et al., 2010). The
structures and emissions of each can be found in Table 4.1.

O2

CO2
Blue Light

Coelenterazine

Coelenterazine Peroxide

Coelenteramide

Figure 4.1 Biochemical reaction of coelenterazine luminescence. The luciferase adds oxygen to
coelenterazine (left), creating a peroxide (middle). The coelenteramide (right) is created with
high energy that is shed as blue light.
Despite the disparity in luciferins to luciferases, each luciferase only acts upon one
luciferin, i.e., a luciferase that oxidizes coelenterazine will not oxidize vargulin, and vice-versa
(Moroz et al., 2021). This specificity, along with the lack of heat production during a reaction, has
made bioluminescence tremendously useful to biological and biomedical research (Sadikot and
Blackwell, 2005; Xiong et al., 2005). For instance, firefly luminescence requires the addition of
ATP, allowing researchers to use the luciferase (FLuc) to monitor ATP levels in a number of assays
(Maechler et al., 1998; Lundin, 2000). In addition, the specificity of luciferin has led to the
development of a dual FLuc/RLuc assay system (McNabb et al., 2005).
There are many known and proposed hypotheses for the evolution of bioluminescence,
depending on the species in question. The Bermuda fireworm, Odontosyllis enopla, uses it to
attract mates (Brugler et al., 2018). Some species, like the anglerfish (family Lophiiformes), are
famous for using a glowing lure to attract prey (Hansen and Herring, 1977). All of these uses
scratch the surface of potential applications, whether it be applied to camouflage the user or to stun
predators/prey (Young, 1983). The best-known example of bioluminescence are fireflies, whose
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luciferin can be seen in Table 4.1A. In some species, such as the pyrosome Pyrosoma atlanticum,
it is hypothesized to be used as a burglar alarm when predators are nearby to both alert other
pyrosomes as well as to attract secondary predators (Haddock et al., 2010; Tessler et al., 2020b).
This chapter focuses on the background of bioluminescence and illustrates the diversity in the
various biomolecular strategies that have evolved.
4.1.1. Bacterial
Bacterial luciferin can be seen in (Table 4.1B) and is a reduced flavin mononucleotide
(FMNH2). As the name suggests, this luciferin, and therefore its mechanism, is only found in
bacteria, notably of the genera Photobacterium, Vibrio, and Aliivibrio (Dworkin et al., 2006;
Urbanczyk et al., 2008; Dunlap, 2009). It should be noted, however, that plenty of luminous
multicellular organisms keep these bacteria as symbionts to produce light.
Luminous bacteria are reliant on the lux operon system (Meighen, 1991; Dunlap, 2014;
Brodl et al., 2018). This system includes luxG, which reduces flavin to the luciferin form, and luxA
and luxB that create the 80 kDa luciferase. The luciferase in Vibrio harveyi can be seen in Figure
4.2 (PDB 3FGC) (Campbell et al., 2009). The luciferase catalyzes the oxidation of FMNH 2 to
oxidized flavin mononucleotide, utilizing oxygen and a long chain aldehyde. This creates a long
chain acid, water, and light at 490 nm (Fleiss and Sarkisyan, 2019). It has also been discovered
that the lux genes C, D, and E work to convert fatty acids into the necessary long chain aldehydes
(Brodl et al., 2018).
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Table 4.1 Luciferin structures and emissions of the firefly luciferin (A), bacterial luciferin
(B), dinoflagellate luciferin (C), vargulin (D), and coelenterazine (E).
A. Firefly Luciferin
Emission: 540 nm and 593 nm

B. Bacterial Luciferin

Emission: 490 nm

C. Dinoflagellate
Luciferin

Emission: 475 nm

D. Vargulin

Emission: 448-463 nm

E. Coelenterazine

Emission: 450-500 nm
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These lux genes are all shown to be important to bacterial luminescence, and lack of any
of these components eliminates light production. However, it is important to note that some species
of Photobacterium contain a luxF gene that has been shown to increase light intensity in bacteria
that contain them. It is shown that the resulting protein product is able to bind to a byproduct of
the luminescent reaction (known as myrFMN) that is believed to inhibit the luciferase (Brodl et
al., 2020).

Figure 4.2 Structure of the bacterial luciferase found in Vibrio harveyi (PDB 3FGC (Campbell et
al., 2009)), which utilizes a reduced flavin mononucleotide (cyan) as a luciferin.
4.1.2. Dinoflagellate
Dinoflagellates are single-celled planktons that utilize a luciferin that closely resembles
chlorophyll (Table 4.1C). The luciferin is likely a breakdown product of chlorophyll, as most
luminous dinoflagellates are photosynthetic (Valiadi and Iglesias-Rodriguez, 2013). On top of this,
the luciferin is derived from the C1-C20 cleavage of chlorophyll that forms an open linear
tetrapyrrole (Figure 4.3) (Dunlap and Hastings, 1981; Topalov and Kishi, 2001; Shimomura,
2012).
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Figure 4.3 Structure of the dinoflagellate luciferin with the C1 and C20 carbons labelled.
The dinoflagellate luciferase, on the other hand, is composed of three identical domains
(one domain can be seen in Figure 4.4 (PDB 1VPR)), each of which can act individually on the
luciferin (Li et al., 1997; Schultz et al., 2005). It is noteworthy that each domain resembles the
fatty acid binding proteins, similar to the fluorescent proteins in eels (Schultz et al., 2005; Hayashi
and Toda, 2009; Kumagai et al., 2013; Gruber et al., 2015; Krivoshik et al., 2020; Guarnaccia et
al., 2021).
What makes dinoflagellates unique as a bioluminescent system is that light production is
pH dependent. The luciferase (LCF), luciferin, and a luciferin-binding protein (LBP) are all found
in an organelle known as the scintillon (DeSa and Hastings, 1968; Valiadi and Iglesias-Rodriguez,
2013). At the homeostatic pH 8, LBP remains bound to the luciferin. Once introduced to shear
stress, H+ ions enter into the scintillon and decrease the pH, which forces the LBP to release the
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luciferin and allow LCF to bind to and oxidize it. This is the mechanism of action that can be seen
in the luminous lagoons found in areas like Jamaica. While there are many hypotheses proposed
for the biochemical reaction of light, very little has been proven, owing to the difficulty of
synthesizing the luciferin.
Current research ties a dinoflagellate’s bioluminescence to its circadian rhythm. The glow
is typically seen when the sun has set, and, in species such as Lingulodinium polyedra, LCF
synthesis begins (which starts to degrade by the end of the night) (Fritz et al., 1990; Seo and Fritz,
2000). The results from studies into the luciferin paint a clear picture. During the day,
photoautotrophic dinoflagellates use their chlorophylls to take in sunlight and drive
photosynthesis. Once the sun sets and photosynthesis is no longer possible, the chlorophyll is then
converted into luciferin (as well as other breakdown products) that the dinoflagellates then use for
communication. The proteins involved are then broken down so that the unicellular algae can
conserve nitrogen in limited environments (Hastings, 2013).
Even though this luciferin is commonly referred to as the dinoflagellate luciferin, it is also
found as the luciferin of euphasiid shrimp (krill) (Haddock et al., 2010). This is largely believed
to occur because the krill feed on various species of dinoflagellates.
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Figure 4.4 Structure of the third domain of the luciferase found in the dinoflagellate
Lingulodinium polyedra (PDB 1VPR (Schultz et al., 2005)). Each of the three domains is
capable of oxidizing the dinoflagellate luciferase to luminesce.
4.1.3. Vargulin
Vargulin (Table 4.1D), also referred to as the Cypridina luciferin, is found primarily in
ostracods, which are a class of small crustaceans (Inouye, 2021). It is one of the first luciferins to
have been discovered, having been crystallized in 1959 (Hirata et al., 1959). The luciferin is an
imidazopyrazinone, much like coelenterazine (discussed below). What makes vargulin of
particular interest to scientists is that it is proposed to form from the cyclization of a tripeptide
sequence of Isoleucine, Arginine, and Tryptophan (Oba et al., 2002). The structure of a luciferase
that acts on vargulin has yet to be discovered.
4.1.4. Coelenterazine
Coelenterazine is one of the most widespread luciferins of the known luminescent systems,
found in at least nine phyla (Shimomura et al., 1980; Haddock et al., 2010; Widder, 2010). It was
originally named for the phylum it was found in, Coelenterate, which is now split up into phylum
Cnidaria and phylum Ctenophora. The luciferin is an imidazopyrazinone, which as mentioned
above resembles vargulin (Table 4.1E). Also, like vargulin, this luciferin does not appear to be
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synthesized naturally in many of the organisms that use it (Haddock et al., 2001). It is believed
that the molecule is passed from prey to predator, starting in one of the few species that
biosynthesize it, such as Metridia pacifica (Oba et al., 2009; Tessler et al., 2018a).
In the coelenterazine bioluminescent reaction, the luciferase adds an O 2 molecule to the C2
atom of the imidazopyrazine ring, creating a coelenterazine peroxide. The OH portion then attacks
the C1 of that same ring, creating a four-carbon ring that then breaks apart, and induces the
dissociation of a CO2 molecule (Nishihara et al., 2017) (Figure 4.5). The resulting product,
coelenteramide, is in a high-energy form, prompting it to shed this excess energy in the form of
blue light. This reaction remains the same for other luciferases that use coelenterazine as a
luciferin. (Teranishi, 2007).

C2
C1

O2

CO2
Blue Light

Coelenterazine

Coelenterazine Peroxide

Coelenteramide

Figure 4.5 Biochemical reaction of coelenterazine luminescence. The luciferase adds oxygen to
coelenterazine (left), creating a peroxide (middle). The coelenteramide (right) is created with
high energy that is shed as blue light. C1 and C2 are labelled.
This luciferin is also proposed to form from tripeptide cyclization, but instead cyclizing
from Phenylalanine-Tyrosine-Tyrosine (Oba et al., 2009; Tessler et al., 2018a). To that end, a
number of species are hypothesized to contain coelenterazine synthases, such as Mnemiopsis
leidyi, but one has yet to be conclusively found (Francis et al., 2015; Bessho-Uehara et al., 2020).
Given the widespread occurrence of coelenterazine-acting luciferases and the popularity of
luciferases in biomedical research, the discovery of a coelenterazine synthase would revolutionize
the field.
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4.1.4.1. RLuc
The sea pansy Renilla reniformis is a colonial coral species that is found in a wide range
of marine environments, but appears to especially favor the warm waters of the Western
Hemisphere (Williams, 2011). As a colonial organism, R. reniformis is composed of many
individuals that are broken up into two primary groups: autozooids that comprise larger feeding
polyps, and siphonozooids that comprise smaller polyps (Dunkelberger and Watabe, 1974;
Williams, 2011). These two zooids gather around an oozooid, which makes up the primary
peduncle, or foot, that anchors them into their substrate. Bioluminescence in this species has been
recorded since the 1870’s (Thomson, 1873; Tizard, 1882) and is largely believed to be used in
order to scare off predators (Williams, 2011).
Extensive work from the Cormier lab in the 1970’s characterized the bioluminescence from
the sea pansy, and revealed that R. reniformis luminesces when introduced to a luciferin that they
named coelenterazine (Cormier et al., 1970; Hori et al., 1972, 1977; Matthews et al., 1977). Further
studies on the luciferase revealed an emission at 482 nm (Brown et al., 2015). The protein is
believed to have evolved from a haloalkane dehalogenase (Woo et al., 2008), which is a protein
that cleaves carbon-halogen bonds (Janssen, 2004). Members of this group of proteins are known
to have a distinct fold: a series of 8 β sheets that are connected by α helices that is referred to as
the α/β hydrolase fold (Ollis et al., 1992). These proteins additionally contain a catalytic triad
found on the loops that appears to have been conserved from haloalkane dehalogenase to
luciferase, particularly the H285 residue (the other two in RLuc are N53 and W121) (Ollis et al.,
1992; Woo et al., 2008).
Mutational analyses of the protein have been performed to further understand the
luciferase, and among those studied, it was revealed that a P220G or P220L increased the stability

60

of light output compared to the wild type (Woo and von Arnim, 2008), while a N264S/S287P
double mutant was shown to be thermostable up to 52ºC (Shigehisa et al., 2017). Additional
constructs of RLuc have also been created for further use in biomedical studies, like RLuc8 that
contains 8 mutations that make the luciferase four times brighter than the original (the mutants are
A55T, C124A, S130A, K136R, A143M, M185V, M253L, and S287L) (Loening, 2006), or
variations of RLuc8 that shift the emission wavelength (Loening et al., 2007b). A structure of
RLuc can be seen in Figure 4.6 (PDB 2PSJ) (Loening et al., 2007a).

Figure 4.6 Structure of RLuc (PDB 2PSJ (Loening et al., 2007a), discovered in the sea pansy
Renilla reniformis, bound to coelenterazine (cyan).
4.1.4.2. Amphiura filiformis
The bioluminescent capabilities of starfish (Phylum Echinodermata) have been
documented since 1952 (Johnson, 1952), but the luciferase behind light generation was not
discovered until 2017, when researchers performed transcriptomic analysis on the brittle starfish,
Amphiura filiformis (Delroisse et al., 2017). Through this analysis, they discovered an RLuc-like
luciferase sequence that forms a phylogenetic clade with RLuc. The resulting protein was shown
to localize to the spines in the arms of the starfish via immunodetection with an anti-RLuc
antibody, which overlapped with both tissue homogenate and KCl stimulation experiments that
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demonstrated bioluminescence specifically in the arm spines. Much like RLuc, the tissue
homogenate generated light when introduced to coelenterazine (Delroisse et al., 2017). However,
the putative sequence itself was not isolated and tested in a purified protein form.
4.1.4.3. OLuc and NanoLuc from Oplophorus gracilorostris
One notable coelenterazine-acting luciferase is OLuc, which was isolated from the decapod
shrimp Oplophorus gracilorostris (Shimomura et al., 1978; Inouye et al., 2000). OLuc is secreted
by the shrimp, creating a bright smokescreen that blinds and confuses potential predators. OLuc is
a heterotetrameric coelenterazine-acting luciferase composed of two 35 kDa subuniuts and two 19
kDa subunits (Inouye et al., 2000; Inouye and Sasaki, 2007). The 19 kDa subunits were shown to
demonstrate enzymatic activity whereas the 35 kDa subunits are thought to play a role in
stabilization of the heterotetramer (Inouye et al., 2000, 2014). The structure of the 19 kDa subunit
is shown to be similar to that of fatty acid binding proteins (Tomabechi et al., 2016).
Following the identification of the active subunits, work began to generate a mutant of
OLuc that would exist in a stable monomeric form (19kOlase) (Inouye and Sasaki, 2007; Inouye
et al., 2014). 19kOlase (later renamed KAZ) reacts with coelenterazine and emits light at 454 nm
(Inouye and Sasaki, 2007; Inouye et al., 2014). Unfortunately, despite the benefits of a small,
monomeric luciferase, KAZ was not stable on its own and did not have a high enough quantum
yield, offsetting any advantages. In 2012 another group of researchers modified KAZ to create a
stable, incredibly bright luciferase through a total of 16 mutations (Hall et al., 2012). With these
mutations, NanoLuc was created, which was not only 2.5 million times brighter than the original
KAZ protein, but also seemed to be 89 times brighter than RLuc. This small luciferase has been
tremendously helpful in studying bioluminescence, especially with coelenterazine (England et al.,

62

2016). A structure of NanoLuc can be seen in Figure 4.7A (PDB 5IBO) (Lovell et al., 2016) and
the residues that differentiate it from 19kOlase are shown in Figure 4.7B.

Figure 4.7 (A) Structure of NanoLuc (PDB 5IBO (Lovell et al., 2016)). (B) Same structure of
NanoLuc with residues mutated from 19kOlase shown in red.

4.2. Concluding Remarks
Chapter 5 will discuss the discovery of an endogenous pyrosome luciferase (PyroLuc) from
Pyrosoma atlanticum, revealing the first documented luciferase in Phylum Chordata, and
attempting to settle the debate of whether this pyrosome luminesces on its own or is assisted by
luminous symbiotic bacteria. This work was published in Scientific Reports (Tessler et al., 2020b).
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Chapter 5

Chapter 5. A Putative Chordate Luciferase from a Cosmopolitan Tunicate Indicates
Convergent Bioluminescence Evolution across Phyla.*
5.1. Introduction
5.1.1. Pyrosoma atlanticum
Pyrosoma atlanticum is a colonial pyrosome famous for its massive blooms (van Soest,
1981; Kuo et al., 2015; Archer et al., 2018), in addition to its bioluminescence. The
bioluminescence was first noted by assistant surgeon Thomas Henry Huxley aboard the HMS
Rattlesnake in 1822 (Huxley and Forbes, 1851). The name derives from the Greek combination of
“fire” (pyro) and “body” (soma) owing to the characteristic bright cyan displays. Much like other
tunicates, pyrosomes are filter feeders and are seen as important in the oceanic carbon cycle
(Lebrato and Jones, 2009; Archer et al., 2018). During a bloom, the pyrosomes will consume up
to 50% of the phytoplankton in the upper 10 m of the water (Drits et al., 1992), with one individual
capable of consuming at least 35 L in an hour (Perissinotto et al., 2007). Once the pyrosomes die
off, they sink and bring that organic carbon to the benthic zones (The Biology of Pelagic Tunicates,
1998; Lebrato and Jones, 2009). This allows for lower oceanic zones to feed and cycle nutrients
into their environments.

*

Adapted from: Tessler, M., Gaffney, J. P., Oliveira, A. G., Guarnaccia, A., Dobi, K. C., Gujarati,

N. A., Galbraith, M., Mirza, J. D., Sparks, J. S., Pieribone, V. A., Wood, R. J., Gruber, D. F. (2020).
A putative chordate luciferase from a cosmopolitan tunicate indicates convergent bioluminescence
evolution across phyla. Scientific Reports 10, 17724. doi:10.1038/s41598-020-73446-w.
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P. atlanticum is a colonial organism of the subphylum Tunicata. As can be seen in Figure
5.1, it is made of many different individuals, referred to as zooids, that are wrapped together in a
tunic, hence the name of the subphylum. It is proposed that bioluminescence allows the zooids to
communicate with each other within the colony, as neighboring zooids are known to flash in
response to another flash (Mackie, 1995). They use one or both of their light-containing cells
(Mackie et al., 1978) to convey to other zooids the presence of harmful stimuli, but this has only
been shown in a lab setting.

Figure 5.1 Image of Pyrosoma atlanticum under white light (A) and after being mechanically
stimulated to luminesce (B). Adapted from Tessler et al., 2020b with permission from Professor
David Gruber.
P. atlanticum exhibits bright blue bioluminescence with peaks at 475 nm (Bowlby et al.,
1990), 485 nm (Herring and Clarke, 1983), and 493 nm (Swift et al., 1977). It is one of the few
luminous species that emits light in response to other light. Light-triggered bioluminescence likely
serves as a means of communication not only within individual pyrosomes, but also among groups
of pyrosomes; it is particularly important to the species as a burglar alarm (Haddock et al., 2010),
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but further observations need to be done to confirm this “burglar alarm” hypothesis. In addition,
the pyrosome is able to produce light in response to mechanical, electrical, and chemical
stimulation (Widder, 2010).
Despite substantial interest in this organism and the ongoing research into its
bioluminescence over the past few centuries, further research was needed to understand how they
produce light. There was a debate in the literature as to whether the pyrosome utilized a symbiotic
bacterial colony or an endogenous luciferase for light production (Mackie et al., 1978; Nealson
and Hastings, 1979).
Our work led to the discovery of a luciferase in the pyrosome, which we called PyroLuc.
PyroLuc uses coelenterazine as a substrate for light emission. This finding was exciting because
P. atlanticum is in the subphylum Tunicata, of phylum Chordata, making this luciferase the closest
discovered so far to phylum Vertebrata (Kocot et al., 2018).
This chapter focuses on the work leading to this discovery, including the transcriptome of
P. atlanticum, luminescent assays of homogenized tissue samples, and purified PyroLuc.
Immunohistochemical staining was also performed on select tissues to confirm presence of an
RLuc-like luciferase (PyroLuc) in the luminous organ of the pyrosome (Tessler et al., 2020b).

5.2. Materials and Methods
5.2.1. Specimen Collection
In May of 2017, a number of P. atlanticum samples were collected off of southeast Brazil,
close to the Alcatrazes Archipelago. They were collected using an Isaacs Kidd Midwater Trawl,
in addition to a Triton 3300/3 submarine with a soft robotic arm operated via a haptic glove
(Phillips et al., 2018); soft robotics appear reduce physical damage to the pyrosome and cause less
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stress-induced transcriptional changes (Tessler et al., 2020a). These specimens were collected
under Permit # Sisbio 57721 from the Instituto Chico Mendes de Conservação da Biodiversidade
(ICMBio), Brazilian Ministry of the Environment.
From July 21 to July 26 of 2017, hundreds of P. atlanticum specimens were collected using
the CCGS John P Tully off Vancouver Island, Canada, as part of the ongoing Line P Monitoring
and La Perouse Zooplankton Monitoring programs run by Institute of Ocean Sciences (IOS) –
Ocean Science Division (Brodeur et al., 2018; Sutherland et al., 2018). Bongo nets, with two black
cylindrical-conical nets mounted on a central towing frame and weight, were deployed off the aft
deck, descending at 0.5 m/second and raised at 1 m/second. The nets have a mouth area of 0.25
m2, a filtering area/mouth area ratio of 11.5-, and 0.23-mm aperture black mesh. A TSK flowmeter
mounted in the mouth of one net was used to measure the volume filtered. Tow depths (determined
from wire out and wire angle) followed established time series protocols for the offshore and
continental margin regions: near-bottom-to-surface or 250 m-to-surface. P. atlanticum samples
were put in a -80°C within ten minutes of collection. Samples collected represent a disparate
geographic range.
5.2.2. Transcriptomic Sequencing and Analysis
We extracted RNA from P. atlanticum using the RNeasy Fibrous Tissue Mini Kit (Qiagen
#74704) and sent the two highest-quality Brazilian and two highest-quality Canadian samples to
the New York Genome Center for transcriptomic sequencing. This was done using a HiSeq 25000
(125 x 125 bp). Sequences are in the Short Read Archive under BioProject PRJNA667300.
We previously processed sequences for this study (Tessler et al., 2018a, 2018b), and
trimmed them here with Trimmomatic and assembled them with Trinity 2.4 (Bolger et al., 2014).
Open reading frames were found using Transdecoder 3.0 (Haas et al., 2013), with a 5 amino acid
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minimum to allow for searches of possibly short luciferins. The ORF sequences were searched
using BLASTp queries against the local databases of luciferases and photoproteins from prior work
(Brugler et al., 2018; Tessler et al., 2018a), with an e-value minimum cutoff of e-5. We used any
matches as BLASTp queries against Swissprot/Uniprot to confirm if there were better matches in
a comprehensive database. If we found bitscores better or equal to the BLASTp searches, we
considered it a putative match. Bitscores were used instead of e-value, since they do not rely on
database size, which can skew between local searches and large databases. This work was
performed by Professor Michael Tessler of St. Francis College. Putative luciferases were modeled
for homology with SWISS-Model (Biasini et al., 2014) using the default parameters. The
sequences with the most homology to the known luciferase RLuc were used to generate protein
expression constructs by Genscript, USA.
5.2.3. Novel Luciferase Expression and Bioluminescence Assays
We successfully synthesized and expressed the PyroLuc gene in E. coli. The gene was
cloned into a pET-45b(+) vector containing an N-terminal His tag. Cloning was performed by
Genscript, USA. Starter cultures of Origami (DE3) were grown at 37°C overnight. We then used
these cultures to inoculate larger cultures and then added 1:1000 IPTG of 0.1 M stock to induce
the cells once they reach an OD600 of 0.6. Following this, the cultures were then grown for another
3 hours at 37°C. We then washed the resulting pellets with 1% PBST (1X PBS and 1% Triton X100), pH 7.4, and centrifuged at 6,000 rpm for 20 minutes. We discarded the supernatant and
resuspended the pellet in 15 mL 1% PBST with 10 mM DTT, pH 7.4. This suspension was then
sonicated at 100% amplitude for 10 minutes (30 second bursts with 60 second breaks) and
centrifuged the sample for 20 minutes at 8,000 rpm. The supernatant was once again discarded and
the pellet was then suspended in 25 mL 1% PBST with 8 M Urea and 10 mM DTT, pH 7.4. We

68

left this sample out on a nutator overnight and then centrifuged again for 20 minutes at 8,000 rpm.
The supernatant was run through a Nickel NTA column, equilibrated to the buffer. PyroLuc was
refolded using the column by running a series of refolding buffers with decreasing urea (starting
at 8 M and decreased by 2 M increments until no urea was present) in 1X PBS, pH 7.4. We eluted
the luciferase by running PBS with 300 mM Imidazole, pH 7.4, through the column. A gel of the
purification can be seen in Figure 5.2. Confirmation of the presence of PyroLuc was done by mass
spectrometry analysis (MS BioWorks, Ann Arbor, MI) of a gel band after one of our purifications.

Figure 5.2 SDS-PAGE gel of PyroLuc purification. Lanes are as follows: 1) ladder, 2)
solubilized supernatant, and 3) concentrated purified protein.
5.2.4. RACE PCR
We used RACE PCR to validate that PyroLuc was present in a Canadian sample. 3' RACE
System for Rapid Amplification of cDNA Ends (ThermoFisher #18373-019) and 5' RACE System
for Rapid Amplification of cDNA Ends (ThermoFisher #18374-058) was performed. RACE PCR
and analysis was performed by TACGEN.
5.2.5. Luciferase Phylogenetics
The PyroLuc sequence was combined with a matrix of luciferases and haloalkane
dehalogenases. These other sequences were found using those from a study focusing on Amphiura
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filiformis luciferase (Delroisse et al., 2017). The sequences on ANISEED (Brozovic et al., 2018)
were taken by conducting a tBLASTn search against tunicates with genomes available, focusing
on PyroLuc and the similar Ciona robusta sequence from the prior study (Delroisse et al., 2017)
(C. intestinalis in that study (Gissi et al., 2017)). Sequences of interest were then searched for
reciprocally as BLASTp queries against Swissprot/Uniprot, looking for hits that did not yield
better matches in this search, or better matched a known dehalogenase or luciferase sequence. We
did this as well for Branchiostoma belcheri from GenBank. The matrix was processed following
prior work (Tessler et al., 2018a): alignments were produced via MUSCLE v5 (Edgar, 2004), and
a phylogenetic tree of the data was produced, using 1,000 bootstrap replicates with the LG model
for support with the LG + I + G4 model (picked using automatic model selection) in IQ-Tree
multicore version 2.0.5 (Nguyen et al., 2015) in the CIPRES Science Gateway (Miller et al., 2010).
Bacterial haloalkane dehalogenases were used as outgroup taxa. This work was performed by
Professor Michael Tessler of St. Francis College.
5.2.6. Imaging of Bioluminescence
As soon as P. atlanticum was captured in Brazil, it was brought to a dark aquarium room
and mechanically/photically stimulated with a Nikon Speedlight SB-910 strobe to initiate
bioluminescence. Videos and photos were taken on a Sony A7s II camera.
5.2.7. Immunohistochemistry
Pyrosome tissue samples were fixed in 4% paraformaldehyde and 1X PBS for 20 minutes,
then incubated in 0.5% Triton X-100 in 1X PBS for 1 hour at room temperature on a rocking
nutator. These samples were then blocked in PBT-BSA (0.5% Triton X-100, 0.5% bovine serum
albumin) for 30 minutes at room temperature. Anti-RLuc primary antibody (ab187338, ABCAM)
was added at a dilution of 1:250 to the sample, which then sat at 4°C overnight on a rocking nutator.
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The samples were then washed in 1X PBS and incubated with a 1:200 dilution of AlexaFluor-488
goat anti-rabbit secondary antibody (ab150077, ABCAM) at room temperature for 1 hour. The
sample was then washed with 1X PBS, and 1:2000 dilution of Hoechst 33342 (Molecular Probes)
was added during a 10-minute wash in 1X PBS. Samples were dissected and placed in a glassbottomed petri dish with 1X PBS for imaging. Controls include samples incubated either without
primary antibody or without secondary antibody, and no specific signaling was observed in any of
these samples. Rabbit isotype control was run as well and confirmed that nuclear staining was
specific to PyroLuc.
5.2.8. Confocal Imaging
We used the Zeiss 880 Airyscan Live Cell laser-scanning confocal microscope equipped
with a 10 × 0.30 NA M27 EC Plan-Neofluor objective in addition to the ZEN Black software to
acquire confocal images. We then used Fiji (Image J) software to render maximum intensity
projections. Fluorescent images were obtained on a Zeiss Pentafluor Discovery V8
stereomicroscope equipped with a 0.63X Achromat FWD 107 mm objective lens and ZEN Blue
software. Adobe Photoshop CC was used to process images. This work was performed with help
from Professor Krista Dobi of Baruch College.

5.3. Results and Discussion
5.3.1. Transcriptomic Sequencing and Analysis
The transcriptome we acquired for the Brazilian sample that we designated as 2B had
152,084 contigs with a total of 75,635 ORFs. The other sample, 2C, had 134,746 contigs with a
total of 70,340 ORFs. One Canadian sample, P2, had 227,360 contigs with a total of 112,334
ORFs, while the other, P3, had 206,824 contigs with a total of 104,057 ORFs.
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Looking at all four transcriptomes, 2B (identity = 48%; e = 3.8 -46) and P3 (identity = 48%;
e = 6.67-97) had ORFs that resembled the “Chain A, Crystal Structures Of The Luciferase And
Green Fluorescent Protein” of the sea pansy, Renilla reniformis (PDB accession = 2PSF), also
known as RLuc. Upon closer inspection, however, we were unable to distinguish 2B as a luciferase
rather than a haloalkane dehalogenase when we compared the sequence to nr in GenBank rather
than Swissprot/Uniprot (48% vs. >50% identity). P3 more closely matches RLuc and was renamed
PyroLuc; the Brazilian sequence was renamed PyroB.
We used SWISS-Model to generate a predicted structure. This program used Renilla
Luciferin 2- monooxygenase, specifically PDB 2PSJ (Loening et al., 2007a), as a template (Figure
5.3). The models were then rendered in PyMOL (Schrödinger, LLC, 2015). The RLuc luciferase
is highly identical to the α/β hydrolase family (Loening, 2006; Woo et al., 2008). When we aligned
PyroLuc with Renilla luciferase (2PSJ), we saw conservation of the catalytic triad and the active
site (Figure 5.3).
Structural alignment of PyroLuc with 2PSJ indicates that the secondary structure
surrounding the binding pocket of coelenteramide is similar to that of 2PSJ. The coelenteramide
byproduct appears to fit well in the binding pocket (Figure 5.3). PyroB seems to shift in the
secondary structure compared to the 2PSJ, which may alter the binding pocket of coelenteramide.
Because of this, we chose to look further at PyroLuc and not PyroB.
Samples P2 (65% identity and 1.66-50) and P3 (62% identity and 8.03-89) also matched a
luciferase from a Pleuromamma sp. (AAG54096). Despite this, we did not observe a start codon
for either one, and as such could not observe further for downstream analysis or expression testing.
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Figure 5.3 (A) Predicted structure of PyroLuc based on homology to RLuc generated in SWISS
Model. (B) Model of RLuc from Renilla reniformis (PDB 2PSJ (Loening et al., 2007a)). Both
models were rendered in PyMOL (Schrödinger, LLC, 2015). (C) Sequence alignment of the two
residues. Residues highlighted in magenta in (A,B) and red in (C) are found in the
coelenterazine binding site. Residues in cyan in all three are those that make up the catalytic
triad in RLuc.
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5.3.2. Pyrosome Luminescence
We ran luminescent assays of pyrosome tissue samples with coelenterazine (Figure 5.4)
to show that the native organism is capable of coelenterazine-induced luminescence. Tissue
samples were dissected from the pyrosome and homogenized in 500 μL PBS using a beadbug
homogenizer. One sample of the homogenate was mixed with coelenterazine, acquired from the
Pierce Renilla Luciferase Glow Assay Kit (Thermo Scientific), diluted 1:100. Another tissue
homogenate sample was mixed with 1X PBS as a control. As can be seen in the figure, when the
homogenate is introduced to coelenterazine, a light intensity of approximately 3.5 x 10 4 RLU is
reached, as opposed to an intensity that never surpasses 3.0 x 10 2 RLU when only PBS is
introduced. Thus, there is a clear capability of the pyrosome to luminesce that is dependent on
coelenterazine.
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Figure 5.4 Luminescent Assay of P. atlanticum tissue with coelenterazine. Blue shows
pyrosome tissue homogenate mixed with 24.5 μM coelenterazine. Green shows the homogenate
mixed with 1X PBS. In both experiments, either coelenterazine or PBS was injected at 25
seconds.
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5.3.3. PyroLuc Luminescence Experiments
We purified the PyroLuc protein for luminescent analysis. In Figure 5.5, we show a
representative trial of 3.2 μM PyroLuc mixed with 24.5 μM coelenterazine, with luminescence
reaching 1.5 x 106 relative light units (RLU). As a control, we additionally ran this reaction with
purified boiled PyroLuc (data not shown). Buffers that were run through the nickel column were
also used as controls as well, and no light was produced here either. NanoLuc was purchased from
Promega and used as a positive control in all of our experiments, given its role as an optimized
luciferase. The luminescent profile of PyroLuc displays a sharp increase upon introduction of
coelenterazine, following by a slow, gradual decline (known as a glow-type) that matches what
has been observed in RLuc (Hall et al., 2012).
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Figure 5.5 Luminescent Assay of PyroLuc with coelenterazine. Blue shows 3.2 μM PyroLuc
with 24.5 μM coelenterazine. Green shows PBS buffer with 300 mM imidazole, pH 7.4, with
24.5 μM coelenterazine. In both experiments, coelenterazine is injected at 16 seconds.

75

5.3.4. RACE PCR
When we performed RACE PCR on a Canadian P. atlanticum sample, we were able to
recover the majority of the PyroLuc sequence with 100% identity. This confirms that PyroLuc is
present in the second sample.
5.3.5. Luciferase Phylogenetics
In the resulting phylogenetic reconstruction (Figure 5.6), we see a highly supported
eukaryotic clade (99%). Interestingly, the three different luciferases (RLuc, Amphiura luciferase,
and PyroLuc) are not phylogenetically sister to one another. Instead, PyroLuc appears to be
phylogenetically sister to Corella inflata (a tunicate). However, this has a lower support in
maximum likelihood (52%). Aside from the Botryllus species, all tunicates formed a clade.
5.3.6. Immunolocalization of a Renilla-like Luciferase Protein.
We wanted to further determine if this RLuc-like protein could be detected in vivo in
pyrosomes, so we fixed tissue samples in 4% paraformaldehyde, treated them in 1% Triton X-100
in PBS to permeabilize our samples, and incubated them with the anti-RLuc antibody (ABCAM)
used to detect the Amphiura filiformis luciferase (Delroisse et al., 2017). We were able to detect
strong signaling in patches in the tunic of the zooids, specifically in a circular structure near the
incurrent syphon (Figure 5.7), consistent with previous observations of the luminous organ
(Mackie et al., 1978). Additionally, we found a lot of overlap of the anti-RLuc stain with Hoechst
staining, indicating that the luciferase can be found eukaryotic tissue, casting doubt on the idea
that light is caused by symbiotic bacteria. Tunic staining could indicate that the protein is
distributed throughout the colony. Furthermore, isotype control confirmed that the primary
antibody binds specifically to RLuc-like proteins.
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Figure 5.6 Maximum likelihood phylogeny of RLuc-like luciferase (bold) contrasted with
haloalkane dehalogenases. PyroLuc is indicated with a box, Support values are summaries of
1000 bootstrap replicates. A. filiformis luciferases are not confirmed but likely (Delroisse et al.,
2017). Adapted from Tessler et al., 2020b with permission from Professor Michael Tessler.
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Figure 5.7 Immunohistochemical staining of P. atlanticum for RLuc-like proteins. (A-F)
Confocal images of pyrosome tissues stained with an anti-RLuc antibody (green) and Hoechst
(blue). The incurrent siphons (s) of multiple zooids (A-C) and a single zooid (D-F) can be seen.
RLuc localizes to a circular structure beneath the incurrent siphon (A, arrowhead). (G-H)
Fluorescent microscopy images of pyrosome stained with anti-RLuc (G) or rabbit pre-immune
serum (H). Patches of staining can be seen in the tunic in both anti-RLuc and pre-immune
incubation (arrow), indicating this is non-specific staining (G, H). The staining in the internal
circular structure is specific to the RLuc-like antibody (G, arrowhead).

5.4. Conclusion
5.4.1. Pyrosome Bioluminescence
Despite the popularity of terrestrial bioluminescence evidenced by fireflies, the
phenomenon is more commonly associated with marine organisms. It has been discovered that
76% of organisms, in an area encompassing the Monterey Bay from the shallows to an ocean depth
of 3,900 m, emitted light (Martini and Haddock, 2017). Furthermore, in this same area, tunicates
were found to have 94% bioluminescent species while marine fish had 70% bioluminescent species
(Martini and Haddock, 2017). The results of this project reveal that P. atlanticum produces light
when introduced to coelenterazine and characterize a protein that has the capability of oxidizing
the luciferin to produce light. These findings point to the possibility that the pyrosome luminesces
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employing an endogenous, coelenterazine-acting luciferase instead of symbiotic luminous
bacteria.
With the discovery of an RLuc-like luciferase in P. atlanticum, this introduces a third phyla
in which a luciferase has independently evolved from the haloalkane-dehalogenase family
(Delroisse et al., 2017). The first is phylum Cnidaria with RLuc, and second is phylum
Echidnodermata with the Amphiura filiformis luciferase. All three of these luciferases
unsurprisingly use coelenterazine, but also contain a conserved catalytic triad of amino acids and
a Cysteine that appears to be important for activity (Loening et al., 2007a; Delroisse et al., 2017).
The variation in sequences from RLuc, Amphiura luciferase, and PyroLuc likely account for
differences in emission maxima. RLuc emits around 480 nm (Lorenz et al., 1991), Amphiura emits
at 472 nm (Delroisse et al., 2017), and P. atlanticum emits between 475 nm and 493 nm (Swift et
al., 1977; Herring and Clarke, 1983; Bowlby et al., 1990).
Phylogenetic analysis of the PyroLuc sequence shows it is similar to a sequence found in
Corella inflata, another tunicate, and is nested within various other tunicate sequences, which
further confirms that the sequence is endogenous to P. atlanticum. These other tunicates are nonluminescent, demonstrating that the PyroLuc sequence evolved luminescence separately from
RLuc.
5.4.2. Areas of Further Investigation
One caveat to the results presented here is that in similar studies, the transcriptome results
were later discovered to have originated from prey organisms. RACE PCR confirmed the presence
of PyroLuc in two of the transcriptomes taken, but not in all of them. This could just be that these
other samples were taken when no bioluminescence was occurring, but it is still worth mentioning.
Additionally, even though our results have shown the presence of a coelenterazine-based luciferase
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in P. atlanticum, it is still possible that the actual system pyrosomes use could be bacterial. Finally,
our immunohistochemistry staining shows that an RLuc-like protein is found in the organism, but
an anti-PyroLuc antibody would give more definitive staining and would allow for Western
Blotting of pyrosome tissues.
We also think it is worth pointing out that dehalogenases could be capable of luminescence
even in non-luminous animals. This area requires further studies to show if these proteins can
produce light when introduced to coelenterazine. On the one hand, this could provide a mechanism
of luminescence in which the dehalogenase is co-opted when coelenterazine-producing prey is
consumed. On the other hand, this would also mitigate the idea PyroLuc is the P. atlanticum
luciferase.
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Chapter 6

Chapter 6: Concluding Remarks and Research Implications
The research presented in this dissertation examines biofluorescence and bioluminescence,
two different mechanisms of biological light emission that utilize alternative biophysical and
biochemical mechanisms, respectively. These results contribute to the growing body of knowledge
regarding the molecular underpinnings of light emission and puts the various biofluorescent and
bioluminescent proteins in an evolutionary context. We have uncovered new proteins that have
potential unique applications in biomedical research, although those uses have yet to be examined.
Specifically, we are able to conclude that:

1) The fluorescent fatty acid binding protein found in Kaupichthys hyoproroides, Chlopsid
FP I, relies on the tripeptide GPP to fluoresce, which likely extends to other eel fluorescent
FABPs. Additional residues important to fluorescence are H56 and P60 that flank this
tripeptide, and T79 that previous research suggests is important to bind the bilirubin
fluorophore (Chapter 2).

2) The barred-fin moray eel Gymnothorax zonipectis contains a fluorescent protein that we
have discovered to be a new fluorescent FABP, which have named GymFP. This protein
also contains the GPP tripeptide and needs bilirubin to fluoresce. Discovery of this protein
helps recover the fluorescent FABPs into a clade separate from the non-fluorescent FABPs
(Chapter 3).
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3) The pyrosome Pyrosoma atlanticum contains an endogenous sequence (PyroLuc) that is
similar to the luciferase found in Renilla reniformis (RLuc). Luminescent assays of this
protein demonstrate that PyroLuc reacts with coelenterazine similar to RLuc.
Immunohistochemistry reveals distribution of PyroLuc in the tunic and in eukaryotic cells
of the organism (Chapter 5).

Our findings provide more insight into the biofluorescence and bioluminescence that have
evolved in marine environments and seeks to further illuminate how two disparate light generating
mechanisms can evolve in the same setting, and sometimes in the same organism. The results
reveal new fluorescent proteins and luciferases, as well as demonstrate their respective abilities to
generate light. Further work is needed to validate the proteins for use in biological research, as
their unique properties have not yet been uncovered. For example, PyroLuc is homologous to RLuc
and utilizes the same luciferin, but currently the properties that distinguish the two luciferases are
unknown.
With respect to the fluorescent FABPs, three families of eels are now documented to
fluoresce, with their fluorescent proteins characterized. It is likely that as other anguilliform
families are researched, more family-specific fluorescent FABPs will be uncovered, giving us a
better understanding of what residues are important to fluorescence. Given the differences in
fluorescence between the fluorescent FABPs despite binding the same fluorophore, there are likely
sequence-specific differences that shift excitation and emission. This will mean that we can
discover which residues cause different emissions and generate a panel of colorful proteins.
With respect to PyroLuc, we have demonstrated that the tunicate utilizes an endogenous
luciferase to luminesce. There has been debate as to whether the luminescence is endogenously
produced or achieved with symbiotic luminous bacteria, with ample evidence on both sides. The
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discovery of PyroLuc bolsters the idea of an endogenous luciferase, as we have demonstrated that
the RLuc-like sequence is uniquely tunicate in origin and is capable of generating light when mixed
with coelenterazine, the same luciferin that RLuc reacts to. Overlapping staining of PyroLuc with
Hoechst shows that it, in part, can be found in eukaryotic cells, further confirming that pyrosome
bioluminescence is likely not bacterial.
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